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The recent identification of the SMAD family of signal transducer proteins has unravelled the mechanisms by which 
transforming growth factor-p (TGF-p) signals from the cell membrane to the nucleus. Pathway-restricted SMADs are 
phosphorylated by specific cell-surface receptors that have serine/threonine kinase activity, then they oligomerize 
with the common mediator Smad4 and translocate to the nucleus where they direct transcription to effect the cell's 
response to TGF-p. Inhibitory SMADs have been identified that block the activation of these pathway-restricted 
SMADs. 



TG1 : -(31 is the prototype of a large family of cytokines that includes 
the TGI : -ps, activins, inhibms, bone morphogenctic proteins 
(HMPs) and Mullerian-inhibiting substance (reviewed in ref. 1) 
( Table 1). Members of the TGF-p family exert a wide range of 
biological effects on a large variety of cell types, for example they 
regulate cell growth, differentiation, matrix production and apop- 
hysis. Many of them have important functions during embryonal 
development in pattern formation and tissue specification; in the 
adult they are involved in processes such as tissue repair and 
modulation of the immune system. 

Here we discuss recent breakthroughs in our understanding of 
the mechanisms used by members of the TGF-p family to elicit their 
effects on target cells, focusing on the pivotal role of SMAD proteins 
in relaying signals from cell-surface receptors to the nucleus. 

Signalling through receptor complexes 

TGF-p family members initiate their cellular action by binding to 
receptors with intrinsic serine/threonine kinase activity. This recep- 
tor family consists of two subfamilies, type I and type II receptors, 
which are structurally similar, with small cysteine- rich extracellular 
regions and intracellular parts consisting mainly of the kinase 
domains. Type I receptors, but not type II receptors, have a region 
nch in glycine and serine residues (GS domain] in the juxtamem- 



branc domain. Each member of the TGF-p superfamily binds to a 
characteristic combination of type I and type II receptors (Table 1 ), 
both of which are needed for signalling. 

Studies of the receptors for TGF-p have provided a model for 
the activation of these serine/threonine kinase receptor complexes 2 . 
TGF-p 1 first binds to the type II receptor (TpR-II), which occurs in 
the cell membrane in an oligomcric form with activated kinase 14 . 
Then, the TGF-p type I receptor (TpR-I), which may also occur in 
an oligomcric form' and cannot bind TGF-p in the absence of TpR- 
II, is recruited into the complex; TpR-II phosphorvlates TpR-I in 
the GS domain to activate it. The assembly of the receptor complex 
is triggered by ligand binding, but the complex is also stabilized by 
direct interaction between the cytoplasmic parts of the receptors' 1 . 
The modeF predicts that the type II and type I receptors act in 
sequence, which is supported by the finding that a constitutively 
active TpR-I (Thr204 replaced with an aspartate residue) is able 
to exert TGF-p signals in the absence of TpR-II (ref. 7). It is 
likely that other serine/threonine kinase receptor complexes are 
also activated by a similar mechanism"' 1 ', although some variations 
on the theme have been noted. One of the TGF-p isoforms (TGF- 
p2) binds only with low affinity to TpR-II and requires the 
cooperation with TpR-I or bctaglycan, an accessory transmembrane 
proteoglycan, for high-affinity binding 1 ". Moreover, BMPs bind 



Table 1 TGF-p family members, their receptors and signalling molecules 



Subfamily 

E omples of lig&nds 



T/pe II receptors 



T/pe I receptors 



Pathway -re sir cled SMADs 



C ommon-parner SMAD 
Inhibitory SMADs 



Responses 



TGF-fi 



TGF-fi 1 

TGF-p2 
TGF-P3 



T3R-I 



TfiR-l 



Srnad2 
Smac3 



8 rnad6 
SrnadV 



Inhibition of mnogenicity 
Induction of extracellular matrix 



Activin 



3MP 



Activin A 



E-:V!P-;? 
rVIP-4 
BMP-7/OP-1 



ActR-H 
A ;tR-HB 



e, v pr -n 

A.ctR-'l 
A ::tR-IB 



-ctR-r 

■^tR-iEi 



6MPF-IA 
BMP R -IB 

ActR-l 



: mad;' 
:mad;i 



: mad4 



Gmadl 
:-mad5 
J;nac9? 

': mad4 



: rnadfi 
■;.mad7 



'; made 
mad? 



Induction of Jorsal mesoderm 
Induction of erythroid differentiation 
induction of follicle-stimulating hormone release 



Induction of ventral mesoderm 
Induction of cartilage and bone 
Inducticn of apoptosis 



T fie thiee best-chaiactenzed vertebmte TGI~-[i subfamiles are listed 
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with low affinity to BMP type I or type II receptors individually, and 
with high affinity only when the two BMP receptor types are 
presented together 11 ' \ 

Analysis of '"^l -labelled l< crosslinked to its receptors has 

suggested that the signalling complex is a heterotetramer consisting 
of two l'[iR-I and two I |iR-II molecules 1 " 1 . This conclusion is 
supported by experiment^ using chimaeric erythropoictin/'l ( iP-^ 
receptors which showed tint both hnmodimerization of type 1 
receptors and hew-ro-oliuonurization w;th the type II receptor are 
needed tor the ant imitogenic effect . Moreover, studies of a series of 
signalling-defective T|}R-1 u\epto^ n/ualed that a k.inase-defective 
T3R-I can complement an activation -defective T(3R-I, suggesting 
that the signalling complex consist of at least two TJ3R-I 
molecules'" 

tn the receptoi-activat]« >n model, 'l^R-I acts downstream of 
T|3R-II tor most, if not all. I'GI : -^-niediated responses, and the 
type I receptor thus determines the specificity of the intracellular 
signals 1 ' 1 , A n;ne-a:nino-aud sequence between kinase subdomains 
I\' and V of TpK-I, which diverges between the different type I 
receptors, is important fur transduction of specific TdI : -(3 signals 1 
(fig- 1) 

Situations have been dou ibed whete. as a result of a decrease in 
expression o! TpK-II but not I (3R-I, ^ells lose the antiproliferative 
response to TGF-13, whciea^ the matnx accumulation induced by 
TGP-[3 ;s retained^" 14 . Moieovet, expression of a dominant-negative 
T^IMI was found to block the growth- inhibitory effect of TGI ; -p, 
but not the effect ■ >n extracellular matrix These observations are 
compatible with a more important mle for T[3R-I1 in the anti- 
proliferative response than in the matrix response, but they do not 
necessarily contradict the sequential activation model in which 
activated T(iR-l is required tor both responses; different effects of 
TGI : -[3 may occur at different threshold levels of stimulation, with 
the antiproliferative effect requiring a mote efficient stimulus than 
the effect on matnx, for example. 

An important step in receptor activation is phosphorylation of 
the tetramcne receptor complex. Phosphorylation sites in T|3R-II 
and TpR-I have been mapped using wild-type and chimaenc 
receptors 21 "' 3 (big. 1). Certain of the phosphorylation sites in 
T|JR-II are important in modulating the signalling activity of the 
receptor, phosphorylation of Scr213 and Ser409 is required for 
TpR-Il activity, whereas phosphorylation of Ser 4 16 inhibits TpR-11 
signalling 22 . Notably, T[3IMI and the ac tivin type I IB receptor 
autophosphorylate on tyrosine residues, as well as on serine and 




Figure 1 An activated TGr : -|w\- ' [-i- ^ c-'-ip-i*-- Hi*; chimeric FGF-(i molecu e 
(lic:ht b'u-51 bines *o i ne'erc t- t-.r-i.-'c c nri: •■• )t t^o Tf-j F:-l and two T| j »FMI 
molecules. TheGSd .=nnir (r*-fi m.-.' ■.: -5*-(- m ' r -k nnse coTi^in (dark blue) M 
T(iR-l \± in jicathd. K--. iwr an' ■!'■■■: r y/ ;'\- ■ • t. s. ; n TpR -II and sites inTpR-l 
[jrospl'orlatea by 'li^-ll ar-i \* ' jrc- r.- ' ■ s'e ird:cated. as well as 
nmino-ac i'i resi Jues involved ' r > ; r:j ok-, li,-.. j. nvjt ng mutation (T204D) and 
dBterm nanon cf T|iF :- -l spec f t.- - }ha:. n ': juen 26: -212). Assignments 
of phosphorylation tos an :■<■:-■,-: on dai \ ■ 'efs 21 23. The amino-acid 
numbers for sites in me T|iFv:i ,;, n,:. 21 d.ffe' \vo cwng to a mistake .n the 
amino-acid nuniberr ) in this reference. 



threonine residues, and so may function as dual-specificity ■ 
kinases 2 " 1 "''*. The importance of autophosphorylation on tyrosine 
residues remains to be determined. 

TfiR-I is phosphoryiated by TpR-II at several residues in the CiS 
domain, which leads to activation of the TfJR-I kinase™ 1 (Pig. 1 ). It 
is possible that phosphorylation of T(iR-II in the corresponding , 
part of the juxtamembrane region" is also important for its 
activation. In addition, TflR-I is phosphoryiated at Ser 165, which 
is located N-terminally of the GS domain, Mutation of Ser 163 
gave a type 1 receptor with a more powerful signalling effect in 
growth inhibition and matrix accumulation, but a weaker apoptotic 
signal 21 . Thus phosphorylation of Ser 165 may modulate TGP-[J 
signalling. 

Downstream signalling mechanisms 

Recent studies in the genetically accessible Drosophila and 
Cacnorhabtuiis dcgims have led to a breakthrough m our under- 
standing of how signals are transduced from serine/threonine k inase 
receptors to the nucleus. 

In Drosophila, the HMP-2/4 homologue Decapentaplcgic (Dpp) 
acts by binding to the type II receptor Punt and to the type I 
receptors 'I hick veins and Saxophone. In a genetic screen for 
dominant enhancers of weak dpp alleles, mothers against dpp (Mad ) 
and Medea were discovered 2 ^ 2 ''. Homozygous Mad mutants were 
found to have a phenotypc similar to dpp mutants, with defects in ■ 
midgut morphogenesis, imaginal disc development and embryonic 
dorsal-ventral patterning 2 ' 1 . Evidence that Mad is a downstream 1 
component in the Dpp pathway came from the finding that Mad \ 
partially rescued the eye phenotype of dpp hlk2 \ that Mad is required 
for the response to Dpp of the visceral mesoderm or endoderrrr*, 
and that Mad mutations suppress dominant thick veins alleles 21 '. 
There is also biochemical evidence that Mad functions downstream 
of Dpp receptors in Drosophila },> . 

In C. ck^ans, daf-1 and daf-4 encode serine/threonine kinase ; 
receptors, Daf-4 mutants are daucr-constitutive and smaller than 
wild- type; moreover, females are defective in egg- laying and males j 
have fused tail rays. Screening for mutants with similar phenotypes j 
revealed three genes, sma-2, sma-3 and sma-4, which proved to be \ 
homologous to Mad of Drosophiia M . As Sma-2 acts in the same cell | 
as Daf-4 and daf-4 is unable to rescue sma-2 mutations, it was I 
concluded that Sma molecules are involved in downstream signal- ! 
ling from the Daf-4 receptor. | 

SMADs are cytoplasmic mediators j 

At least nine genes homologous to Mad and sma have been ; 
identified in Xenopus, mouse and man, and shown to be com- i 
ponents in signal transduction pathways downstream of serine/ j 
threonine kinase receptors (reviewed in ref. 1) (Pig. 2a). In an 
attempt to simplify the nomenclature, the designation Smad has ; 
been suggested for vertebrate homologues of Sma and Mad. 

SMADs are molecules of relative molecular mass 42K-60Kwith i 
two regions of homology at the amino and carboxy terminals, . 
termed Mad-homology domains MH1 and MH2, respectively, ' 
which are connected with a proline-rich linker sequence (Fig. 2b). j 
Recent work, which will be discussed below, suggests that in their '. 
inactive configurations, the MH1 and MH2 domains of SMADs \ 
make contact with each other: after activation by receptors, the , 
molecules open up, form hetero-oligomeric complexes, and trans- ! 
locate to the nucleus where the transcription of target genes is j 
affected. ! 
Pathway-restricted SMADs. Different members of the SMAI ) | 
family have different roles in signalling. Smadl, Smad2, Smad3 ; 
and possiblv Smad 5 interact with and become phosphoryiated bv i 
specific type I serine/threonine kinase receptors and thereby act in a 
pathway-restricted fashion. An initial indication of a functional - 
subspecialization among different SMADs came from the finding 
that Xcnopus Smadl (Xmadl) induces ventral mesoderm, a BMP 
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Figure 2 The SrV for- ply. a, /\ Dhy'oge^etictree of ^unnan SMAr s S nar:8 from 
Xenopus (X), Ma : gn j !ad fron Drosophiia [0 and Srna fromC. r s f?f/jns (0) are 
; -icvvT. Arernat .e ce; jnaticns are as fo ;ow?: Smad* (Maori Xr.adl, osol, 
D.vf-A. J'/*.-}, S ,ao;- r lad '2. Xmad2. NM-:) :3mad3 (*Mad3. ." . '&■?.). Smad* 
(0PC4). ;,mad5 T w'-C . JV5-*), £mad6 'JVlb-') and Smad9 (M ; -">-3). b. The 
; equences if re: res-rMtives of pathwav-resttkted SMADs (Soi * :2) corr.mon- 
pariner JA'.-vDs S-vd-J ana nhib'tory i MADs (Snnad7) are snco n t .liu^trate 
; reas o* "C-icj'O':)' be tv.--en vsnocstyoe: :f SMAD molecules (hi; : :k). Mutatio n s 
in Smad;' and Sr- ad'" cMected :ii numar cance's are indicated. 

response'" where. is Smad2 (Xmad2) induces dorsal nu-soderm, 
an activin or Yg-I response 2 . SMAD molecules are well conserved 
and act across species: human Smadl (ref. 34), as well as Drosophiia 
Mad :s , ha> veiurali/mg activity on Xeiwpus mesoderm, and mouse" 
and human* MnadJ have dorsalizing activity. 

A picture is emerging in which different pathwav-i estricted 
SMADs couple to different receptors (Table 1). Smad2 and Smad3 
are phosphorvlated and translocated to the nucleus after stimula- 
tion by TGF-fS 36 '-*" or activin {ref. 39 and A. Shimizu ct al, 
unpublished observation). Smad2 and Smad3 are very similar in 
their structures (Fig 2a ), and it is not surprising that there may be 
some redundancy in the functional activity between these two 
members of the family. Smadl is phosphorylated and translocated 
into the nucleus after stimulation with BMP- 2 (refs 29, 10) or BMP- 
4 (ref 34). Smad3 induces ventral mesoderm in Xenopus' ,] , and the 
recentlv described Smad9/MADHd (ref. 42) is structurally similar to 
Smadl and Smad5; these molecules may also be involved in BMP 



signalling. There are reports that TGF-fi also induces the phos- 
phorylation of Smadl (refs 43, 44), which may reflect redundancy 
or cooperativity in signalling (or a crossreactivity of antisera). 

The phosphorylation of pathway-i estricted SMADs by type 1 
receptors triggers their activation, In the most ('.-terminal regions, 
pathway-restricted SMADs have a characteristic Scr-Ser-X-Ser 
(SSXS) motif, the two- most (.-terminal serine residues of which 
are phosphorylated by type 1 receptors t,Ur> Pathway- restricted 
SMADs bind directly to type I receptors, as demonstrated by the co- 
immunoprecipitation of Smad2 or Smad3 with the type 1 and type 
II receptors affinity- crosslinked with '^l-lahelled TCP -(J (refs 37, 
38, 45). The association between TpK-I and Smad2 or Smad3 is 
dependent on the kinase activity ol T(M<-I1, but was seen only with 
the kinase-inactive form of TpR-I and not with wild-type PpR-I 
(refs 38, 45). Moreover, the phnsphopeptidc maps of Smadl 
phosphorylated in BMP- stimulated cells were similar to those of 
Smadl phosphorylated in vitro by purified BMP type 1 receptor". 
Taken together, these data suggest that the pathway- restricted 
SMADs are direct substrates of the type 1 receptor kinases, although 
a possible involvement of other kinases in SMAD activation has not 
been excluded. The data also suggest that the interaction between 
pathway-restricted SMADs and type 1 receptors is transient; pre- 
sumably, SMADs are released from the receptors after phosphoryl- 
ation. This idea is further supported by the observation that 
Smad2 molecules mutated at the three serine residues in the SSXS 
motif stablv bind to the receptor and have dominant-negative 
effects 45 " 47 . ' 

Common-mediator SMADs. The mode of action of Smad4 differs 
from those of other members of the SMAD family After ligand 
stimulation and phosphorylation of pathway-restricted SMADs, 
Smad4 forms hctero -oligomers with pathway- restricted 
SMADs'' ■'"'■"" u '\ which m turn translocate into the nucleus and 
activate transcriptional responses ([ ; ig. 3a). In mammalian cells, 
Smad4 forms complexes with Smad2 and Smad3 after activation of 
T(iF-p or activin tvpe 1 receptors h ,M \ whereas it forms complexes 
with Smad 1 (refs 40, 48), and possibly with Smad5 and Smad9, after 
activation of BMP type I receptors. Consequently, injection of 
Smad4 messenger mRNA into Xcnopus animal caps induces both 
ventral and dorsal mesoderm 4 *'" 0 through the formation of com- 
plexes with Smadl, Smad5 or Smad9 and Smad2 or Smad3, 
respectively. Smad 4, which lacks the C- terminal SSXS motif, does 
not bind to, nor is it phosphorylated by, TGF-fJ or BMP 
receptors 3 38,4 "' 48 . The phosphorylation of Smad4 has been reported 
to increase after activin stimulation ,s , although the functional 
importance of this remains to be determined. 

So far, only Smad4 has been identified as a common-mediator 
SMAD in vertebrates. A Smad4 homologue has been identified in 
Drosophiia (ref. 51; and P. Das and R W Padgett, personal corn- 
Figure 3 Age r.ist :C er 1 ar*ac :nist c SfVAD :>ro*e.rs in TGF : |5 
signalling a, A h y pot h -eti r..igna- transduction oathway for 
TGF-p. TGr-p binding leads to the assembly of a hetero- 
te'ramenc receptor c :nr.[ !o> in wnich the t^pe H receptor 
phc^phorvlates anc intimates the Vpe i receptor Pathwa/- 
re stricter SMADs ('-"mad2 and Smad3} which may he 
anchored ir the cytoplasm in homotrirneric forms, are 
pi cc-phr rdatod, wh ch leads tc re*eromer zation with 
Smed4 r i ::c mmnnmed-ate' SMAD. ^ r e netero- oligomer o 
corns e> is nen tran,o:oc a tec: to th* nucleus, where it biros 
d'-etjtly 'if n ccrr pie:- win other c< 'mooneritfs; *o DNA and 
af'eets tmnscrip* on ) f . ;:>r'.ific gere-s Note that it =s n.;t 
known it ne heterc-i ■! gomer between Smaa2. Smad3 and 
3mad4 :s a he<am'.;r :r has another stoic hiometry. b, 
Inhibitor / :MADs iSr*iad6 and Smad?; bind tc the receptois, 
3r d pre 'ent tne phosphorylation anii signalling activity of 
p-ithway-restr cted ofMDs. Wht-thcr inhibitory SMAt's 
occur as monomers or multimers is not known. 
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' munication) and C clegans (Sma-4). The presence of homologue of 
i both pathway- restricted SMADs and common -media tor SMADs 
in lower species suggests that complex formation of these two types 
of SMAD molecules may be a conserved mechanism for signalling 
downstream of serine/threonine kinase receptors. 
Functional roles of SMAD/MAD domains. Structural studies and 
studies of SMAD mutants have now provided an insight into the 
functional roles of the different domains in SMADs {summarized in 
fig. 4). 

The Ml 12 domain of SMADs may serve as an effector domain in 
signal transduction, as suggested by its ability to induce a transcrip- 
tional response when fused to a yeast CAL4 DNA-binding domain' 1 
and by the finding that the MH2 domain of Smad2 induces a full 
range of activin responses in the absence ot the MH1 domain' 0 . 
However, in Smad4 the MH2 domain alone is not sufficient lor 
signal transduction: a part of the linker region (termed the Smad4 
activation domain"^) that is not conserved in other SMADs is 
required for signalling activity, together with the MH2 
domain ^\ Moreover, the MH2 domains of Smadl, Smad2 and 
Smad3 mediate homomcric interactions and are responsible for 
activation-induced interactions with Smad4 {rets 50, 53, 54). 

In the resting cell, SMADs are localized in the cytoplasm. 
Stimulation with ligand leads to translocation to the nucleus. The 
observation that mouse Smad2 containing the linker region and 
MH2 domain localizes to the nucleus in the absence of ligand 
stimulation'" 1 suggests that the MH1 domain of Smad2 anchors the 
molecule in the cytoplasm., An alternative possibility is that trunca- 
tion or ligand-induced hetcromcrization of SMADs leads to expo- 
sure of nuclear targeting sequence(s) in the linker region or the 
MH2 domain* 1 . 

The MH 1 domain of Smad4, and possibly of other SMADs, plays 
a role as a negative regulator by interacting with the MH2 domain, 
thereby preventing hetcro- oligomer formation between pathway- 
restricted SMADs and common-mediator Smad M Phosphorylation 
of the C-terminal SSXS motif in pathway- restricted SMADs appears 
to remove this inhibition. Mutations in SMAD MH1 domains have 
been reported in certain cancers, at Arg 133 in Smad2 and at the 
corresponding Arg 100 in Smad4 (refs 36, 55); these mutant SMADs 
form homo- oligomers but cannot form Smad2-Smad4 hetero- 
oligomers and cannot transduce signals. This inhibition occurs by 
increased affinity of the mutated MH1 domains to the correspond- 
ing MH2 domains, which leads to an augmentation of the auto- 
inhibitory function of the MH1 domanr 4 . 

In addition to its role as a repressor of the MH2 domain, the MH 1 
domain, together with part of the linker region, may also be 
involved in direct DNA binding as indicated by studies on 
Drosophila Mad 56 . In Drosophila, Mad mediates the Dpp- dependent 
transcription of the vestigial {vg) gene through a sequence-specific 
DNA-binding activity, binding of Mad to the 'quadrant 1 enhancer 
of vg was observed, but only when the MH2 domain was removed" 1 ". 
Thus, for the binding of the MH1 domain of Mad to the vg quadrant 
enhancer, the MH2 domain appears to have a repressor function. It 
remains to be determined whether mammalian SMAD MH1 
domains also have direct DNA-binding activity. 



MH1 domain Linker MH2 cic-main 




DNA binding iMad [D]) Repressor of DNA binding (Mad [D]) 



Repressor of transaction (Smad 1,3,4) Transactivaticn (Brnad 1,3,4) 



Phosphoacceptor 
sites (Smad 1,2.3,5) 



Homo and hetero-cligomer 'ormation (Smadl, 2,3) 
homo oligomer formation (Smad4) 



Hetero-oligomer formation (Smad4) 




Three-dimensional structure of SMADs. The three-dimensional 
structure of the MH2 domain of Smad4 has been determined by 
crystallography at 2.5 A resolution'''. It consists of a fi-sandwich ; 
with antiparallel ^-sheets, capped at one end by a three-a-helix 1 
bundle and at the other by three large loops and an a -helix {termed 
the loop/helix region). The MH2 domain of Smad4 forms a ; 
homotrimer in the crystal with the loop/helix region of one subunit , 
interacting with the three-a -helix bundle of another. Size estimates 
by gel chromatography support the notion that the MH2 domain, as 
well as the intact Smad4 molecule, occur as trimeric structures in 
solution as welP'. The MH2-domain trimer is in the form of a disc, 
with the amino terminals of all monomers, where the MH 1 domains : 
would be attached, phasing the same side. The other side of the disc ! 
may interact with other SMAD homotrimers in the hcteromeric : 
complex. The mutations in MH2 domains detected in human , 
cancer cells may disrupt the structure of the oligomer: some 
mutations disrupt the folding of the protein; others, located at the 
loop/helix region or the threc-a-helix bundle, prevent the forma- 
tion of the homotrimer; others, located at a loop (L3) in the loop/ 
helix region which is exposed on the surface of the disc, disrupt the 
formation of heteromers but not of homotrimers, indicating that 
this region may be exposed on the surface of the disc and be critical 
for heteromer formation"' . In all cases, the assembly of hcteromeric ■ 
complex is prevented and the cell is deprived of antiproliferative 
TGF-fJ signals. 

Activation of SMADs. Maximum transcriptional effect requires the 
cooperation between pathway- restricted SMADs and Smad4 (refs 
37, 38, 48). Activation of type I receptors triggers the assembly of 
hcteromeric complexes of the two types of SMADs, by phosphoryl- 
ation of pathway-restricted SMADs in their C-terminal SSXS 1 
motifs. The mechanism may involve a phosphorylation-induced 1 
unfolding of the N- and C-terminal domains, allowing interaction | 
with Smad4 to occur, and/or a direct interaction between the i 
phosphorylated tail of pathway-restricted SMADs and Smad4 , 
(rcf. 46),, Given the trimeric structure of Smad4 (ref. 37), such ; 
complexes may be hexamers, but their exact stoichiomctry is 1 
unknown. Observations suggesting that other configurations of 
the active complex are possible is that full activity in a transcrip- 1 
tional assay can only be achieved when Smad2, Smad3 and Smad4 ! 
are all present, and that not only does Smad4 interact with Smad2 i 
and Smad3, but Smad2 and Smad3 also interact with each other in a ! 
TG I : - p - d epen d en t m a n n er K . 

Inhibitory SMADs. Smad6 and Smad7 diverge structurally from 
other members of the SMAD family 5 *"' 1 ': whereas they share 
sequence similarity with other SMADs in their C-terminal domains, 
their N-terminal regions (36% identical between Smadb and 
Smad 7) differ from those of other SMADs. Inhibitory Smads have 1 
also been detected in Xenopus (Smad8; I. Christian, personal ! 
communication) and Drosophila (Dad; ref. 62). Smadb and i 
Smad 7 function as inhibitors of TGF-p, activin and BMP signalling. ; 
They bind to type I receptors and interfere with the phosphorylation 
of the pathway-restricted SMADs. Consequently, active heteromeric 
Smad complexes are not formed. A requirement for binding of 
inhibitory SMADs to type I receptors is the activation of type I 

Figure 4 Different functional comains in SMADs. The conservation of MH 1 and . 
MH.: -jomains in the SMADs suggests that these domains may have similar 
functions in different members of the SMAD family, but it remains to be shown to ! 
what extent observations made on individual members (in parenthese s) can be J 
generalized. I 
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receptor by type II receptor kinase. However, inhibitory SMAPs 
show a more stable interaction with type I receptors than do 
pathway-restricted SMADs. As pathway-restricted SMADs can 
compete with inhibitory SMADs for binding, a plausible mechan- 
ism for inhibition is to prevent the receptor interaction and 
phosphorylation of pathway-restricted SMADs (Fig 3b). In an 
analogous way, Dad blocks the Dwsophila phenotypc induced by 
activated receptor or \lad f>J , suggesting that Dad may directly 
interfere with the function of Mad. 

Transcription of inhibitory SMAD mRNA is induced by stimula- 
tion by TGF-p as well as by other stimuli {ref. 59; and M. Kawabata 
ct al., unpublished observation), and in Dwsophila Dad is induced 
by Dpp' ,: . Thus, inhibitory SMADs may act as auto regulatory 
negative-feedback signals in the signal transduction of the TGF-P 
superfamily. 

Transcriptional regulation by SMADs 

TGF-P family members mediate their multifunctional effects by 
eliciting transcriptional responses on many target genes. The 
responsive elements in the promoters of some of these genes have 
been mapped and interacting transcription factors identified. In 
most cases, however, it is still unclear whether these genes are direct 
targets, and it is unknown whether SMADs are directly involved in 
their transcriptional regulation. Activin induces the transcription of 
the homeobox gene gooscconi"' and the forkhead/wingcd-helix 
transcription factor Xl : KHI f ref. 64) without requirement of protein 
synthesis. Putative SMAD target genes in the BMP pathwav include 
Xom h \ Xvent-l (ref. 66) and A/s.v-l (ref 67), TGF-p potently 
induces transcription of plasminogen activator inhibitor- 1 (ref. 
68) and itself^, with involvement of the AP-1 transcription factor, 
as well as the cyclin-dependent-kinase (CDK) inhibitors pi 5 (ref. 
7 0) and p21 (ref. 71), with involvement of Spl. Whether SMADs 
interact with AP-1 and Spl is not known. 

Studies on the activation of Xawpus Mix.2 and Dwsophila vg 
provide the strongest evidence so far for a function of SMADs as 
transcriptional modulators downstream of serine/threonine kinase 
receptors. The homeobox gene Mix.2 is an early-response gene 
induced by TGF-p superfamily members during early Xawpus 
development : . Smad2, Smad4 and FAST-1, a new member of 
the winged- helix transcription factor family, are components of 
an activin- responsive factor (ARF) that interacts directly in an 
activin-dependent manner with a 6-base-pair repeat in the 
activin- response element of the Mix.2 promoter 2 . FAST-1 is the 
principal DNA-binding component in ARF. A C-terminal domain 
(amino acids 380-506) of FAST-1, termed SMAD-interacting 
domain (SID), is involved in binding to Smad2 and Smad4, and 
overexprcssion of SID specifically inhibits activin signalling' \ The 
C-terminal part (amino acids 453 506) of SID is essential for the 
association of PAST- 1 with Smad2, which occurs in the absence of 
Smad4. Phosphorylation of Smad2 enhances the interaction 
between Smad2 and FAST-1. The N-tcrminal part (amino acids 
380-453) of SID appears to be required for the interaction of Smad4 
to the Smad2-FAST-1 complex, but Smad4 does not directly bind 
FAST-1 in the absence of Smad2. binding of Smad4 may stabilize 
the Smad 2- FAST-1 complex as an active DNA-binding complex. 
The activin -response elements in promoters of goosecoid from 
different species' 1 ' 1 , and Xenopus XI : KHI/XI : D- 1 (ref, 64) have been 
mapped and show little sequence similarity with the activin- 
response element in the Mix.2 gene. Phis suggests that different 
SMAD-containing transcription factor complexes can be formed 
which show different DNA-binding specificities. 

Dwsophila Mad was shown to bind to a (G + C) -rich sequence 
and to be essential for activation of quadrant enhancer of vg* l \ The 
binding of Mad to DNA appears to be of low affinity, although it is 
specific, suggesting the need for heteromeric complex formation 
with a Smad4 homologuc and/or other cofactors for high-affinity 
binding. 'Phis is also indicated by the finding that overexprcssion of 
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the C-terminal domain of SMADs is sufficient to mimic the effects 
of ligand stimulation^ and suggests that the principal DNA-binding ! 
component in the transcription factor complex is not provided by a 
SMAD. An intrinsic low-affinity DNA-binding activity in the MH1 
domain may be complemented bv specific interactions with other 
transcription factors through the MH2 domain. 

Genetic analysis of Dpp signalling in Dwsophila has implicated 
Sch nu rn (Shn) as an essential downstream component of Dpp- 
dependent signalling in embryonic endoderm pattern for- 
mation '\ The Shn gene encodes a putative zinc-finger transcrip- 
tion factor with similarity to mammalian transcription factors of ■ 
the major histocompatibility complex (MHC) -binding protein 
family. Shn activity, rather than its expression, appears to be 
regulated by Dpp. Thus, it is possible that Mad interacts directly 
with Shn to regulate transcriptional responses. 

TGF-p family members may act as morphogens and induce 
concentration-dependent responses. These responses can be repro- 
duced with increasing doses of SMAFV" ' 7, \ so it is possible that the 
level of nuclear SMAD provides a direct readout for the level of 
ligand-induced receptor activation. Promoters with different affi- 
nities for SMAD-containing transcription factor complexes may 
thus become activated in cells along a concentration gradient of 
fGF-p family members. 

Receptor-interacting proteins 

SMADs are clearly crucial for signal transduction of members of : 
the TGF-P family. Using veast two-hybrid screens, other 
molecules interacting with type I and type II serine/threonine 
kinase receptors have also been identified, which may modulate 
receptor signalling. 

The l : K506-binding immunophilin FKBP12 interacts with 1 
unstimulated TpR-I and other type I receptors. FKBP12 is not a ; 
substrate for the receptor kinase, and TpR-I mutants that are unable 
to interact with FKBP12 can still signal positively' 7- ™. FKBP12 binds 
to a Leu- Pro sequence in the GS domain of tvpc I receptors" 1 
(Fig. I), and counteracts phosphorylation of the type I receptors i 
by type II receptors; it is released from the type I receptors after 
ligand-induced receptor activation 78 . Thus, FKBP12 protects ■ 
against hgand-independent, spontaneous activation of type I recep- i 
tors by type II receptors' ; 

Also, the a-subunit of farnesyltransferase can interact w r ith T(3R- 
I K:i m2 . TGF-p stimulation does not alter the farnesyltransferase 
activity in mink lung cells, however, and this enzymatic activity is 1 
dispensable for the antiproliferative effect on TGF-p and its tran- 
scriptional responses in these cells 1 ". Using a similar methodology, 
molecules that interact with TfiR-II have also been identified — 
namely apolipoprotein J (ref. 83) and a WD-domain-containing ' 
protein, TRIP- 1 (ref. 84), whose functional importance is not known. , 

Other cytoplasmic signalling pathways 

In addition to the pathways already described, other parallel path- j 
ways may exist that could be important for the transduction of | 
specific signals. Examples include TAK-1, a serine/threonine kinase , 
of the MAP kinase kinase kinase family, which is activated by TGF-p J 
or BMP-4 (ref. 85), and members of the Ras 8 '' or Rac* 7 families of ! 
small GTP-binding proteins which also have been implicated in j 
TGF-p signalling. Certain MAP kinases, such as the extracellular i 
signal-regulated kinases (ERKH and 2 and stress-activated protein ! 
kinase (SAPK)/Jun-N-tcrminal kinase (JNK), have also been j 
reported to be activated by TGF-p in certain cell types SK,Jw . Several : 
of these pathways are efficiently activated in response to other 
signalling molecules. This may thus be yet another example of 
crosstalk between different signalling pathways, which appears to be ' 
common in signal transduction. 

Subversion of signalling In tumorigenesis 

TGF-P has a multifunctional role in tumorigenesis. At early stages, ! 
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when cells still respond to its antimitogenic effect, TGF-fi may act as 
a tumour suppressor. However, during malignant progression, 
when cells acquire an insensitivity to growth inhibition by TGF-p, 
it may function as a tumour promoter by stimulation of angiogen- 
esis, immunosuppression and synthesis of extracellular matrix, 
which provides an appropriate microenvironment tor rapid 
tumour growth and metastasis. The biphasic action of T(il : -[3 
in tumorigenesis was demonstrated in a mouse skin model of 
multistage carcinogenesis using transgenic mice with keratino- 
cyte-targeted T(iL : -(31 expression^ 1 . 

The escape from the antimitogenic response of cells by 'Kil : -(i 
during tumour progression suggests a potential function for com- 
ponents in the TGF-p signal transduction pathway as tumour 
suppressors 41 . Support for a tumour-suppressor role for the type 
II receptor of TGF-p came from the analysis of an inherited form of 
colon cancer with a microsatellite instability phenotype 4 '. More- 
over, the frequent mutation and homozygous deletion of Smad4 m 
pancreatic cancers led to its original discovery as the DPCA tumour- 
suppressor gene 4 ' (Fig. 2b). Loss of Smad4 expression has been 
identified in various TGF-fJ-resistant cancer cells, and transfection 
of Smad4 in these cells rescues responsiveness to T( iF-p* " >J T The 
MH2 domain of Smad l is often the target for point mutations and 
framcshift mutations that lead to premature stops. Mutations in the 
MH2 domain may disrupt the core structure of the protein, or 
perturb the ability to form stable ho mot rimers or hetero- oligomers 
with pathway-restricted SMADs, depending on which ammo-acid 
residues are mutated 71 ' (see above). Somatic mutations in Smad4 are 
frequently observed in pancreatic cancers* \ but less frequently :n 
other types of cancers such as colon, breast and lung cancers. 
Functionally disruptive mutations in Smad2, a gene that is located 
close to Smad4 on chromosome 18, have so far been noted only 
in colorectal and lung cancers" 1,44 (Fig. 2). Smadl, Smad3, SmadS 
and the MM 2 domain of Smad6 (JV15-1) do not appear to In- 
frequently mutated in colon, breast, lung and pancreatic cancers" 1 
The rinding of a higher frequency of somatic mutations in Smad4 
than in other Smad genes is consistent with a unique and non- 
redundant role for the common partner Smad 4 in TGF-p super- 
family signalling. 

TGF-p induces growth inhibition by upregulation of the COK 
inhibitor pi 5 in certain epithelial cell lines*. However, analysis of 
p!5-defective human cancer cell lines reveals that the antiprolifera- 
tive effect of TGF-p is also mediated by repression of the expression 
of Cdc25A, a CDK tyrosine phosphatase which activates CDK 4 ' 
Cdc25A is transcriptionally induced by c-Myc 4K , and c-myc expres- 
sion is repressed by TGF-p with similar kinetics to Cdc25A (refs 97, 
99); an interesting possibility is therefore that c-Myc is involved in 
the transcriptional regulation of Cdc25A by TGF-p. 

Conclusions 

In view of their crucial importance in embryonal development, it is 
no surprise that signalling by TGF-p members is carefully regulated. 
Several intracellular control mechanisms have been discussed here. 
In addition, there are observations indicating that signalling is also 
regulated at several extracellular steps, including activation from 
latent precursor complexes, and interactions with specific binding 
proteins and accessory receptors. 

Remarkable progress has been made in unravelling a signalling 
pathway for TGF-p and related molecules from the cell membrane 
all the way to the nucleus (F'ig. 3). SMADs are key components in 
these signal transduction pathways. At present, nine vertebrate 
SMADs are known (Fig. 2a), but the family probably contains 
several other members. After phosphorylation and activation by 
receptor kinases, hetero-oligomeric SMAD complexes migrate into 
the nucleus and, cither directly or in complex with other proteins, 
affect transcription of specific genes. Thus, the overall mechanism is 
reminiscent of that of signal transducers and activators of transcrip- 
tion (STAT) molecules, which, after phosphorylation by cytokinc- 



receptor-associated JAK tyrosine kinases or tyrosine kinase reccp- : 
tors, dimenze and move into the nucleus and induce the transcrip- 
tion of specific genes 1 "". 

An important finding is that certain SMADs serve as inhibitors in i 
the signal transduction of members of the TGF-p superfamiiy by 
preventing the interaction between the serine/threonine kinase 
receptors and pathway-restricted SMADs. As expression of the 1 
inhibitory SMADs is induced by ligand stimulation, they may 
have a negative- feedback role in signal transduction. Likewise, 
feedback switch-off signals have been found in several other signal 
transduction pathways and emerge as a common theme in signal ; 
transduction. 

Although we are gaining our first insight into the three-dimen- 
sional structure of SMAD" and the involvement of SMADs in i 
direct*' and indirect * binding to promoter regions in specific genes, 
many important issues remain unresolved. Is the basis for specificity 
of interaction between type I receptors and different SMADs due to 
specific docking epitopes or to the substrate specificities of the 
receptor ITnases? Is receptor-induced phosphorylation in the G- 
terniinal tail sufficient for SMAD activation and initiation of 
all subsequent downstream signalling events, or are other phos- 
phorylation events necessary? Hy which mechanism do SMADs 
translocate from the cytoplasm to the nucleus? Which are the 
partners of SMADs in the transcriptionally active complexes, and 
which are the target genes? Given the level of activity in the field, 
answers aic likelv to come along soon. 

Note added in proof Tyrosine kinase receptor- mediated act ivation of 
MAP kinase was recently shown to lead to phosphorylation of 
Smadl in the linker region and inhibition of its translocation to the 
nucleus" 11 . Cross -talk between different types of signalling pathways 
may thus occur by differential regulation of Smadl activation. □ i 
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ABSTRACT Members of the transforming growth 
factor |il (TGF-P) superfamily — namely, TGF-(i and 
BMP2 — applied to undifferentiated murine embryonic 
stem cells up-regulated mRNA of mesodermal (Brachyury) 
and cardiac specific transcription factors (Nkx2.5, 
MEF2C). Embryoid bodies generated from stem cells 
primed with these growth factors demonstrated an 
increased potential for cardiac differentiation with a 
significant increase in beating areas and enhanced 
myofibrillo genesis. In an environment of postmitotic 
cardiomyocytes, stem cells engineered to express a 
fluorescent protein under the control of a cardiac 
promoter differentiated into fluorescent ventricular 
myocytes beating in synchrony with host cells, a process 
significantly enhanced by TGF-p or BMP2. In vitro, 
disruption of the TGF-p/BMP signaling pathways by 
latency-associated peptide and/ or noggin prevented 
differentiation of stem cells. In fact, only host cells that 
secrete a TGF-p family member induced a cardiac 
phenotype in stem cells. In vivo, transplantation of 
stem cells into heart also resulted in cardiac differen- 
tiation provided that TGF-p/ BMP2 signaling was intact. 
In infarcted myocardium, grafted stem cells differenti- 
ated into functional cardiomyocytes integrated with 
surrounding tissue, improving contractile performance. 
Thus, embryonic stem cells are directed to differentiate 
into cardiomyocytes by signaling mediated through 
TGF-P /BMP2, a cardiac paracrine pathway required 
for therapeutic benefit of stem cell transplantation in 
diseased heart. — Behfar, A., Zingman, L. V., Hodgson, 
D. M., Rauzier, J.-M., Kane, G. C, Terzic, A., Puceat, 
M. Stem cell differentiation requires a paracrine path- 
way in die heart. FASEB J. 16, 1558-1566 (2002) 

Key Words: 7C7 ,L P * ischemic heart disease • cardiomyocytes 
■ cardioblasts 



Ischkmk: mkak'I uisKASi. is a leading cause of heart 
failure precipitated bv the dealh of highlv vulnerable 
cardiomvorvtes (1). The heart under stress primarily 
responds wit 1 1 cell hypertrophy rather than prolifera- 
tion due to a limited mitotic capacity oi differentiated 
cardiomvocvtcs (2). I his restricts repair of the injured 



myocardium to replacement bv tibrotic tissue disrupt- 
ing proper contractile function despite the potential of 
some myocytes to participate in postinfarction regener- 
ation (;V). In this regard, a novel therapeutic approach 
has emerged based on rcpopulating injured tissue with 
cells of myogenic phenotype. Indeed, different cell 
types have been grafted into the heart, including myo- 
blasts, cardioblasts, and fetal or neonatal cardiomvo- 
cvtcs (4-9). Although promising, use of already differ- 
entiated muscle cells suffers from several limitations. 
The cardiac area colonized by implanted cells is small 
due to a low dividing capacity of such terminally 
differentiated cells (3). Moreover, long-term survival 
and electrical coupling of these cells within the myo- 
cardium remains controversial (10, II). 

Recently, the plasticity of uncommitted stem cells has 
opened new perspectives in tissue regeneration ( 1 _!- 
14). Adult bone marrow and hematopoietic stem cells 
have been successfully engrafted into ischemic hearts, 
differentiating into smooth muscle, endothelial, and 
cardiac phenotypes (15, 10). Evidence has been pro- 
vided that such engrafted stem cells may improve the 
function of diseased heart. (15). Although use of undif : 
fercntiated cells may resolve some of the limitations 
observed with differentiated myoblasts or myocytes, 
recent findings have called for caution regarding the 
rise of adult stem cells that bv fusion take the phenotype 
of recipient, cells, negating a therapeutic benefit (17. 
18). Indeed, much remains to be understood before 
stem cell-based therapies can be used effectively for 
cardiac repair'. 

One of the fundamental questions is how pluripotent 
stem cells respond to the host environment and differ- 
entiate toward a specific cell phenotype. More specifi- 
cally, the molecular signals that induce commitment, 
proliferation, arid differentiation of stem cells into 
cardiomyocytes within an infarcted myocardium are 
unknown (15). 

Therefore, we focused our investigation on mecha- 
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1 1 i si i is underlying differentiation of stem cells grafted 
onto cardiomvoevtes, normal, and posiinlarcted myo- 
cardium. We report that members ol the transloi ming 
growth lac lot fi\ ( 1 ( iK-p) sttperfamilv commit undiffer- 
enualed stem cells into the cardiac lineage. The para- 
crine (miction ol host cardiomvoevtes in secreting 
T( and oi- 1V\1P2 underlies c ardiac- dillei cntiation 
of engrafted pluripotent stem cells, resulting in a 
gam-oi-hmc tion of die mlarcled mvoc at clitmi. These 1 
lindings favor die use ol growth f;u tot-c ommitted stem 
cells lor cell therapy in die diseased heart. 

MATERIALS AND METHODS 
Embryonic stein cell differentiation 

fix- < GRN murine embryonic stem cell line ( I'M was propa- 
gated in K11K21 medium supplemented wilh pvruvate, non- 
essential ammo acids, mere aptoclhanol, 7.5*5 fetal calf serum 
(I' (IS, Kiomedia, Paris, France), and tlie leukemia inhibitory 
lactor (F1F) olnained 1'rom F1FD celU (20). Differentiation 
was carried out in hanging drops (21) of differentiation 
medium (B11K21 with 20 f 7 IX IS without I. IF) in which 
embrvoid bodies were formed at 2 davs (1)0-2). Fmbnoid 
l)odies were incubated lor 5 davs (1)2-,")) in suspension and 
lor at least 7 davs (1)0-12) on gelai in-coated dishes or 
laminin-eoaled glass coverslips (20). 

(feneration of stein cell clones expressing a reporter gene 

The GGRN cell clone was engineered to express the enhanced 
nan lluoresrcnl protein (FGFP) under the control of" (he 
cardiac-specific ceaciin promoter, subcloned upstream ol 
I .GFP using A7/cjI and ///5/dIII restric tion sites oi the promol- 
erless pFGFP vec tor (Glontech, Palo Alio, GA). This a-actin 
promoter (actinEGFP) construct was linearized using A7u>l, 
elect roporated into GGR8 stem cells, and colonies were 
screened for the construct bv PGR after G418 treatment. 
Alternatively, the promoter of the ventricular myosin light 
chain 2 (MFG2v) was used to confirm ventricular differen- 
tiation (20). Some aclinFGFP stern cell clones were engi- 
neered to be resistant to TGF-p superfamilv signaling 
through expression of noggin or a dominant negative 
mutant oi the TGF(3RII receptor (AKTGFpRH) (22). Noggin 
or Ak I GF(3RII i UNA were snbcloned in the prDNAhvgrornv- 
cm vector (Glontech) using A7/ol and liatulil or K/jnl and 
/////dill restriction sites, respectively. After electropoi ation oi 
linearized plasmids into GGRN stem cells, hvgromvein-resis- 
taut colonies were screened bv PGR for construct expression. 

RT-PCR and real-time quantitative PGR 

Total RNA was prepared from GGR8 stem cells as described 
(20. 25). After reverse transcription. 10 ng c l)NA was used 
lor real-lime quantitative PGR, performed wilh a Lighlcvcler 
and the SYKR green fast start kit (Roche, Germany). Primers 
used in real-time PGR were as follows: Brachyury forward 
")'-GAG'ITGGTGAGGGGTGAGAA-V and reverse 5'- 
(:(;A(;TCT(i(;(;T(;(;AT(;TA(i-r; MKF2G forward 
.V-AGATAGGGAGAAGAGAGGAGGGGGG-:?' and reverse :V- 
A 1 ( :( :TT( ;AGAGA( ,TGG( :ATGGGGTT--V; Nkx2.5 forward 
."»'-( ;ATTTTA( :G( :G( i( iAG< CTAC( i< 7FG-5' and revet se :>'- 
GGTTTGGGTGGGGGGGGTG -V; [^-tubulin forward ">'- 
C( IGGAGAG'I G TGGGAAGGAGA 1 C(U;-:r and reverse 
a' -TGG< ;GA.AAAGGAGGTGAGGGAAGGG-;V; Myf 5 fonvard 




5'-(U,AGATGGTGAGGAATGGGATr and reverse 5'- 
T G G T G TT G T T T G G G G A G G A G A - . > ' ; I GAM forward 
r>'-GAGTTGAGGATTGAGTGGAGGGlX;T-:V and reverse :V- 
I A FAGGGAGGATG(,G(U;G(;TA(;ATG-:V. The reaction con- 
tamed 1 u4. of Master SYBR green 1 mix ( '///^ DNA polymer- 
ase, buffer, deoxynucleoside I risphosphale mix. and SYBR 
green 1 clye), 5 mM MgCG, and 0.5 pM of each primer to 
ulnch 2 pd. of diluted c DNA was added. A standard concen- 
tration cuiA'e was established bv serial dilution of gel-purified 
gene specific PGR fragments. Data were normalized using 
p-lubulin as an index of cDN'A content after reverse transcrip- 
tion. Amplification in (hided initial den at lira lion at 05 ( ! for S 
inin. 45 cvcles ol denaturation at Of) G ior 5 s, annealing at 
00-05 C for S-10 s, and extension at 72' G lor 7-10 s 
performed at a temperature transition rale ol 20 G s. Fluo- 
rescence was measuied at the end oi' each extension step. 
Alter amplification, a melting curve acquired bv heating the 
product to Of) ( 1. cooling to and maintaining at 70' ( : for 20 s, 
then slowlv (0.4 G si healing to 0, r > : G was used to determine 
llu 1 >pecihciiv of PGR products, confirmed bv gel electro- 
phoresis. 

Celi imaging 

Fluorescent images of Ftts or isolated cells were acquired on 
a FFIGA microscope with objectives mounted on a piezo- 
electric device, digitized on-line with a Micromax 1500YHS 
GGD camera (Princeton, X]). and stored as volume hies 
('stack' of /-sec tion images) using die Metamoiph software 
(Gniwrsal Imaging. Downington. PA). FGFP was detec ted in 
embrvoid bodies or isolated cells illuminated with a Hg lamp 
at 400 20 nm with < TP lluoresccncc recorded l)v a XI 14-2 
GFP FFIGA filter cube that consists of a DM 455 dichroie 
mirror and a 480 s. 50 nm emission filler. Beating areas in 
embivoid bodies were identified bv videomicroscopv using 
the stream acquisition mode and their size quantified wilh the 
regie ni measurement option of Metamoiph. The sum of 
individual beating areas was normalized to the total size of the 
cnibryoid body. Fmbnoid bodies (12-dav-old) were fixed in 
4 ( 7 paraformaldehyde for 50 min. permeabilized for 50 niin 
u ; ith 1 % Triton X-100. and immunostained as described (20). 
in situ immunostained sarcomere-specifu proteins, actinin. 
or MFG2v were visualized in 0.1 fim optically /-sectioned 
embiAoid bodies. Similarly, ininiunohisiochemistrv of heat t 
sections was perfc^rmed on |)araifin sections. To improve 
resolution and signal-to-noise ratio, images were restored 
using lluygens software (Iluvgens 2.2.1, Scientific Volume 
Imaging. Ililversum, The Netherlands) and visualized using 
lmaris (Hitplane, Switzerland). C^alcidations were per- 
formed on an Oc tane workstation (Silicon Graphics, Fos 
Angeles. G A ) . 

Coincubation of stem cells and cardiomyocytes 

Gardiomyocvies isolated from 2- to 3-d ay-old neonatal tat 
ventricles and purified on a Percoil (Pharmacia. Gppsala, 
Sweden) gradient (24) were plated at a density oi 2 X 10 ' cell 
per 35 mm dishes and cultured for 3 days. At this stage, cells 
are postmitotic and do not dedifferentiate in culture (25). 
Goincubation was then pet formed with 10 ' GGR8 stem cells 
expressing FGFP under the control of either the cardiac- 
specific a-actin or ventric ular specific MFG2v promoter, un- 
treated or treated wilh the 2.5 ng/mF TGF-p or ") ng/mF 
hone morphogenelic protein (BMP2) (R&O System, Abing- 
don, I K), resuspended in diiferentiation medium, and 
added to the cat cliomvot \1e-containing dish. Garcliac differ- 
entiation of stem cells was monitored bv appearance of FGFP 
fluorescence using videomicroscopv (20). 
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Gocultiire of stem cells with BMP-secreting or 
nonsecreling C3H10TI/2 cells 

Native G.WUOfl '2 cells were cultured in HMF.M supple- 
menied with 10'f F( S. The G'J cell ( lone, secreting BMP2, 
was engineered from the ( V.W 1 1 0T1 2 cell line using an 
inducible B.MP2 expression vector ( plTATop-BMP2) . G'J cells 
weie routinely cultured in the presence of 1 pg ml. doxvc\- 
( line to prevent piemati ire BMP2 expression (2b). Next, 10* 
( X rRS stem cells expressing F.GFP under ihe control of ihe 
cardiac ceaclin promoter were cocultured with confluenl 
name G;iIII0'I 1 2 o! P>M I '-secreting G'J cells in the absence 
o! do\\ c\< line. 

In vivo stem cell injection 

( ( .1\N siem i ells ( X 10 ') expressing F.GFP under ihe conirol 
ot the actinFGFP with oi without noggin or the AK I ( d pRI I 
miii.in! (22 i were ir\psmi/cd, resuspended in serum free 
medium, and injected in isofhu ane-anesihel i/ed ( :V "< induc- 
i ion; 1 . .W main ten a nee ) mice. I n jeel ions were made l hi ough 
the left chest wall as well as via an abdominal approach 
ihiough ihe diaphragm into the left ventricle using a 2b 
gauge needle. Three to 1 wk later, hearts were excised, 
cnoiixed, and slued m 1 pm-thick sections at ()..") mm 
ni( rements ihi'ough the tissue. F.GFP expression was \ isual- 
i/ed using a Zeiss Axiopkm epitl uorescence wide held micro- 
sc< >pc. 

Myocardial infarction model 

Mwuardial infarction was induced in hoih Spraguc-Dawlcv 
and Wistar rats bv in situ ligature of ihe left coronary arlcrv 
(27i. Four weeks alter surgery, rats were anesthetized with 
ketatnine (70 mg kg) and xvla/ine ( l. r > mg ; kgj or isofluranc 
[ ":\ r < induction; 1 . Y ( maintenance) and the heart was ex- 
posed after thoracotomy. Goncomilantlv, trypsinized j*10' 
cells (suspended in 20 u.h medium) or medium without cells 
(sham) injected along the border /one of the infarcied area 
at three different locations (below the left atrium, in the 
middle portion of the left ventricle, and at the apex) using a 
27 gauge needle. Five weeks later, animals were either killed 
with phenobarbilal or assessed lor function with echocardi- 
ography. Hearts from killed animals weie rapidly removed; 
ventricles were sliced in two transverse sections fixed with Va 
pai aformaldeln de. The infarcied area with surrounding tis- 
sue was embedded in paraffin and successive 5 pan sections 
weie cut for immunohistologv. Sections weie stained with an 
anli-MhG2v antiserum (20), ant i-connexin 42> polyclonal an- 
tibody (Sigma France) or the Vcrhaeff-Yan Gieson slain for 
collagen and claslin (IMFB Inc.. San Marcos, CIA) . Echocar- 
diography was performed on isof hu ane-aneslhetized rats 
using a ■> Mil/ transducer on an ultrasonographic scanner 
(\ ingmed System FiVe, ( iF. Medical Systems, Milwaukee, WI). 
Parasternal short axis views with M-mode weie acquired at the 
ventricular base immediately distal to the mitral valve. Ejec- 
tion fraction was calculated as follows: FT " (S J — l)")/D Lt * 
100. where S is the systolic and 1) the diastolic dimension 
(expressed in cm ) . 



RESULTS 

TGF-|i and BMP 2 up-regulate cardiac transcription 
factors in embryonic stem cells 

To determine whether undifferentiated stem cells 
could Ik 4 specifically committed to a cardiac cell lineage 




bv growth factors, embryonic stem cells were treated 
{24 h) with TGF-p or BMP2 in :>..Vr or 7.5% F( :S- 
c onlaining medium in the presence of 1JF. Stem t ells 
deprived of LIF, a suppressor of differentiation, lose 
their compact appearance and with it the potential for 
mesodermal differentiation (Fig. 1). Real-time quanti- 
tative PGR revealed thai TGF-p'and B\JP2 both signtl- 
icantlv up-regulated mRNA levels of Brachvurv. a me- 
sodermal transcription factor (Fig. 1,7). FGF-(S and 
BMP2 also significantly increased mRNA encoding" 
Nkx2.f> (Fig. 1/;) and MFF2G (Fig. h), earlv and late 
markers in cardiac differentiation (2S). while maintain- 
ing colony morphology' (Fig. 1<7). In preliminary cxper- 
iments, concentration response curve revealed that 
induction of transcription factors was most effective at 
2.7> and 5 ngv mb of TGF~p and BMP2. respectively, in 
contrast, expression of MvfTi, a skeletal muscle market , 
or IGAM. an endothelial cell marker, was not signifi- 
cantlv up-regulated (data not shown). 'Finis, IGF-p 
growth factor family members promote in stem cells 
induction of the cardiac gene program. 
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Figure 1. TCJF-p- and B\lP2-i luluceci cardiac commitment of 
embryonic stem cells. GGRH stem cells were left untreated 
(control) or were Heated for 24 h with TGF-p (2.5 ng/mb) or 
BMP2 (5 ng/mb) in a low-serum and FIF-containing me- 
dium. Alternatively, cells weie grown in media without bIF, 
TCiF-p, and BMP2 ( l.IF). Expression of mRNA for 
Brachyury (a), Nkx2.r> (/;), and MKF2G (<:) was measured 
using real-time quantitative PGR. Data are means (:tsr\; n ."» 
each) of the ratio between expression of gene of interest vs. 
tubulin presented as multiples of control. ^Significant differ- 
ence from control (/ J <0.01). <l) Morphology of stem cell 
colonies under different experimental conditions. 
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TGF-P and BMP2 induced-commitnient of ES cells 
lavors cardiac differentiation within embryoid bodies 

1 anbryonic stem cells unprimed or primed with TGF-p 
and BMP2 h) were allowed in dillrirntiatr within 
riiihi\oi(l bodies (20. 21). Within 7 daw brat mi; » ]us- 
irts appeared within the mt st .< |. i m.tl I.is< i , Fig. 2a) 
(Mi il.iv 0, the time rrquned t<>t maximal Im .mm; 
.u 1 1 \ 1 1 v- ( 20 ) . ( out l ac tint; a re. is weir I hit ■(■ h «li 1 l.ti ^< i m 
t t! it h \ ( >id hodies lormcd f'r«»m ;^n>wili t.i« h >i -j n 1 1 1 x ■< 1 
shin cells ( ompared to milt r.ttn 1 i niitmls Til; 2/'i 
hiinnmosiaining ol acliniii, .i pnttnii disi i il nin 1 1 m 
/-diM » ol sarcomeres, revealed eMeiiMVt m\« dihi dial 

n mis in cmbnoid bodies it m< IK in an d with 

I < -I 1 1 or BY] P2. in contrast t< ■ small* i .ucis m mhhihN 




li^ure 2. T*'.F|i and BMP2 enliam e 1 1 m pnieniial «»( sit in 
« (IK Im cardial < III terentialion in em In \< ud I km lies. f mhivtid 
In H In s were tor med in a hanging di t >\ > ti< >ni uniit-aied { ( ,R8 
siem < ells (a) oi Mt in cells primed unh I ( .1 and UMPL 1 On 
da\ ~ af ter initiaixm of cliff ereni ia! u • ] i. lieaiin^ i lusters were 
<»l»s< i\ed within die mesodermal la\ei In loial beating area 
'in .inured on da\ 0 and expired as |i< n enlace of loial 
< nituNoid bocU an a. Data wen <'l>iaincd Inmi at least ?> 
evjiei imenis in eai h group. Paul moid In >dies ^enei ated from 
mm cited sum tells (() or cells Healed Im 2 1 h with TCVF-|3 
\<i\ <>i BMPL! i<i were fixed and imnnim >siamed with an 
inn-.M linin anuKidy and a secondaiv I I 1( ^ oiijugtted anli- 
IhmK r~c) Lefi panels. 10X m.i^ml u ai i< >n , yellow bar indi- 
• jns 100 (Jim. Ri^lit panels: 0!'.- niacin I ication ; yellow bar 
ii idn ales 1 "> )JLlii 




(Fig. 2r-r. left panels). Fnhanccd mvofibrillogcncsis 
induced by TGF-p or BMP2 was not detrimental to 
sarcomeric architecture, which remained highly orga- 
nized (Fig. 2r-r, right panels). Accordingly, similar 
beating rates (beats/s) of 1.2 ± 0.3 = 1.1 t 0." 
0/ = f>), and 1.0 ± 0.2 (»=10) and sarcomeric unit sizes 
fin fun) ol' 2.0 ± 0.2 (/i-10), 1.0 ± 0.3 (>/ = f>), and 
1 ,S ± 0.3 (u = :)) were observed in embnoid bodies 
from controls, TGF-P- and BMP2-primed stem cells, 
i cspec tivclv Thus, pretrealinent of embryonic stem 
cells with TGF-p growth factor members results in 
embryoid bodies with greater areas of cardiac differen- 
tiation and normal sarcomet ic organization. 

In vitro cardiac differentiation of stem cells grafted 
onto card io myocytes enhanced by TGF-p and BMP 2 

I undifferentiated stem cells earning the fluorescein 
FCFP probe tinder the control of the cardiac a-ac tin 
promoter (actinFCFP cells) failed to emit fluorescence 
in the absence of a host cellular milieu (not illustrated) 
However, when grafted onto postmitotic isolated ven- 
tricular cardiomvocytcs, actinFCFP stem cells expressed 
FCFP vigorously after f) davs of coculture (Fig. 3a) 
indicating that the cardiac a-actin promoter was turned 
on. In fact, cells expressing FCFP fluorescence demon- 
strated immunostaining of the ventricular marker my- 
osin light chain 2 (MLC2v; Fig. -\a, inset), indicating 
ventricular phenotvpe. Similaiiv, stem cells expressing 
ECFP under the control of the MLC2v promoter (20) 
instead of the u-actin promoter, also fluoresced within 
7 davs in the presence of host cardiomyocytes (data not 
illustrated). Cardiac differentiation of stem cells was 
augmented bv p retreat merit with TGF-p (5 ng/mL) or 
BMP 2 (2 5 ng/rnL) before e n graft m en t onto host 
cardiomyocytes (Fig. !V;-c/). All differentiated stem cells 
displayed positive staining lor connexin 4^ (Fig. ;V), a 
gap junction protein required for intercellular commu- 
nication expressed in ventricular myocytes (29) and FS 
cell-derived cardiomyocytes (30). Indeed, the beating 
pattern of stem cell-derived cardiomyocytes and host 
cardiac cells was synchronous on time-lapse videomi- 
croscopy (data not shown). Thus, cardiac cells provide 
an environment in which stem cells can differentiate 
into cardiac lineage, an effect enhanced bv stem cell 
priming with TGF-p growth factor members. 

Differentiation of stem cells induced by 
TGF-p/ BMP2 paracrine signals from host cells 

The heart harbors an endocrine function (31). Cardio- 
myocytes and cardiac fibroblasts red ease members of 
the TGF-p family, including TGF-P (32, 33) and BMP2 
(3 1), involved in embryonic cardiomvogenesis (35) 
Cardiac differentiation of actinFCFP stem cells in co- 
ctilture with postmitotic ventricular cardiomyocvles 
(Fig. 4a) was disrupted bv the blockers of TGF-P or 
BMP2 receptor-mediated signaling (3b, 37 K Latency- 
associated peptide {LAP; Fig. 4b) and noggin (Fig. b) 
used individually or in combination (Fig. 4r/) prevented 
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Figure 3. TGF-fl and BMP2 commit Mem n-lN gtatied onto 
( «n diom\ oc\ les in vitro. Stem < elb e\pi e»Miig l\< Fl' under 
the control of ihe u-aclin promote) writ* i « u nltmed with 
ventricular cardiomvoo les. m < *n da\ *> ahei pl.iimg stem 
cells, cvan iluorescence was oldened ,h was ird \11.C2v 
mi munoslaining (inset) h-<\) Sit in idls |«i«-iit*.ii<-«| lor 24 h 
wilh K.F-(3 (/;) and UMP2 (>) displ.twd enham ed q an 
fluorescence corresponding to a greater inunhei o| fluoresc- 
ing embiyonic stem cell-derived t at di< urn « m \ les i l.S-CM; d). 
'''Significant difference from com ml (7'' (Mil. >r-:\ in each 
group). a~c) Tt ansmitted light inn i f »n( 1 1 j >\ images ,irt: shown 
to the right of correspom ling fhn hcm i-ni i mages >' ' i'.t mnexin 
4M ((1x43) antibody was used to deiei i integrant m of differ- 
entiated stein cells with host c at flu un\ i u \ lev I lie panel is 
typical of multiple images obtained tfiit • separate 
cocuitures. 

cardiac differentiation of sk in tells ,is shown by the 
absence of FCFP expression, in the picseme of L\P 
and noggin, stem cells formed dusters <>l undilferenti- 
ated cells (Fig. 4b-d), and the number of stem cell- 
derived cardiomyocytes was essential h negligible com- 
pared to control (Fig. 4r). Renm\al <>t IAP and noggin 
while in eocnltnrc with car flu mivi >r\ tes allowed stem 
cells to regain the ability to ditleientiale and express 
FCFP (Fig. 4/). 

To directly assess (he role of a host cell and of 
cell-cell interactions m stem t e ll differ enliation, actin- 
FCFP cells were cocultmvd w it 1 1 embiyonic 
Col 1101 1/2 fibroblasts, wild-ivpc. or genetically engi- 
neered as the CO cell clone to secrete BMP2. Cardiac 




differentiation uf a< tinFCFP stem c ells manifested 
through expression of f luores< < ru e. was detec ted 
within 5-7 davs in « ells cocultured with the BMP2- 
secreting ( :«i cell done, but nm with ( Ml 1 Of 1 / 2 




Figure 4. T< iK-p PA1P2 paracrine signals limit host cells 
differeniiatc stein <dls. ti-f ) Stein tells expressing ECFP 
under the tonliol of ihe u-aetin pioniomi uric < oc ultured 
with cardionnoc \ies tin "> davs. ojF.I.FP fluou-seence (left) 
and phase (nghi) inuioscopy reveal t ai diac dit fei eutiaiion of 
stem cells, live dav Ueatment of loiulluics with latencv- 
associated peptide < LAP. b), noggin O). m btiih i (h pre- 
vented evpu-sMiiu tit i van fluorescein e uuluaiing, negligible 
cardiac diflci entiaiion I he com eniiatmn "I FAP C> nM) 
and the volume ■ »( die conditioned medium horn CI IO- 
expressing noggin ueie diosen lor ilieu ellna».v to inhibit 
cardiac differentiation < *\ stem c ells within embr\<ud bodies. 
r) Data horn ^ toiultmo in each gi«"ip cxpiessed as mean 
(±si) ofihcnumhei ot F( .FP-cxpi essmg c ells ( 1\S ( ;M)/mrn~ 
of the mieiostopc in Id / i Within 2 da\s of tcmoval of LAP 
and noggin, stem cells differentiate d ini<> F( .IP-expressing 
cardiomvoc\ les. ;M Whcic.is wild-lvpe (.''I I Mil" I 2 embryonic 
libroblasis not snieimg HMP2 did nm pomxiie stem cell 
differentiation lo llmne^t ing cardnnmo. \ u s in cociiliiuc 
(left), the C.'i i ell (lone secreting i>MP2 piomoted cyan 
fluorescence expression within 1 daw mdnaiing differentia- 
tion of stem < ells mm * ardiomyorues (right) file experi- 
ment was pc iloimed on .1 cocuitures wnh smulai results. 



Vol id October 2002 



The \ AM \\ louinai 



hrnrAp CT At. 




Figure 5. I'.i i ,n n 1 1* • stimulation hv I < .1- | -' Lunih members 
i '('<.] u i ret 1 t'-i in \ iv< > stem cell < 1 1 1 j ( 1 1 < * 1 1 1 1 . 1 1 1 • > 1 1 I lematoxvlin- 
eosin st. mini <■] vjsfC'liotiN ft mon^e heaiK 1 uk alter irans- 
plantation unh stem colls Me. lit ni|< < led with Mem {'ells 
expressing 1 < I P under the conlm! < ■! ih< n-.nnn promoter 
(leli'j reveal thioicstcni t ai « hom\< u\ its Might, msri) indica- 
tive oi dilt« i * nriaied stem rclK m tt gi ,i i r ( I wnhm llic host 
mvocardiun! (nghli. I.-. • lleaiN nijt • i • ** I \\iih I ( iFP stem 
cells en- 1 1 it r - 1 .-.I u. expire noggin i/-: «-i AkTGlpRII (r) 
re \ ral m h lit lei enuai ed limn »r h u n lai i< >i i with unaMon of the 
mvoc;irdi.il w .ill (leti) and absent e <«t 1 1 1 h »i t m t m e (right, 
inset.) . indh mug stt in ct IK with t < >mpi « >miM*d i anhac diffcr- 
cntialioii d i -ruinated tli i "i igh tin In «st im< n ai dmm (right ) . 
Right images ale a magn 1 1 k at i< m ol tin bla< k iimI on left 
images. I hi' >i cm < in e u,h \ iMial i/i < 1 in tin* at ea i U limited bv 
ihe vellou tiame on til*' i i l; h l hii,il;cs ,h indnaied hv arrows. 

fibroblasts that do not sect etc BMP- (Fig. 4g). Thus, 
host celK ihtough paia<rine FGF-(i BMP- signaling 
induce <aidia< ditfei entiation oi slem fells. 

In vivo stem cell differentiation requires paracrine 
stimulation by TGF-(i family members 

To assess stem cell <til lei entiation in vi\o. artinFCFP 
cells we i e gi ailed into hearts ol mu e i ;/-!'»). Alter 4 wk, 
fhiotesi ent myocytes expressing H H\ indicative ol 
stem cell < li I lei et l tial ion were integrated thtoughout 
the host m\ocardium (Fig. 5a) In contrast, actinEGFP 
(ells en gi netted to express noggin or AKTGF3RII, 
disrupt* 'is < >f FGF-p lanuh t cc cpt< n-mcdiated signal- 
ing, failed it) express KCFP Hue u esi eiu e 4 wk post- 
iransplanianon. indicating the absence of cardiac dif- 
ferentiation i ti =b, Fig .">/;, ii. In Lit I . stub stem cells 
incapable of tcsponding to rGF-|3 tetcptor signaling 
remained undifferentiated and developed into invasive 
tumors in the hearts in one-third ol tlx 1 injected mice 
(Fig. f>/'. * ). an effect nt \er seen fiom 1 ( iF-0-i esponsive 
stem ( t IN ( )i=20. Fig. V/). Thus, tin paiacrinc effect of 




TGF-p Jamily signaling is mandator) for proper cardiac 
differentiation of stem cells in vivo. 

In vivo differentiation of embryonic stem cells in 
diseased myocardium improves contractile function 

Tn test whether stein cells respond to TGF-(5/'BMP m 
vivo in a diseased condition, we used an established 
model ol ' In-art failure after nwocardial infarction (27) 
in whic h t at dioim tx ytes are known lo maintain secre- 
tion of K ,| |i (38. :VJ). Pluripotent actitiKGFP cells were 
injci ted into the area surrounding the infarcted tissue 
(Fig. 6a, h). Aftei f> wk, cells expressed FCFP fluores- 
ce in e at tin site of injection (Fig (ic) as well as within 
the ueovast ulari/ed scar tissue (lag (\d e ) . Fluorescent 
eclU displa\ed a typical cardiac phenotvpe. including 
sattomeiii striaiions i Fig. It/ ) and imnmnortnic tivitv 
foi \IF("J\. a venti k le-speciht imosin light c hain iso- 
i * * i iii (Fiu;. <>,£[). Immuuostainitig for the gap junction 




Figure 6. In \i\o i liftetentiation of siem cells in infarcted 
imiu.itdium a> I .iL;atuie of the left i < >ronary arleiy (LCA) in 
mi < auses m\oi anlial infarciiori with development of cardiac 
faihin within 4 wk. h) Stem cells ex] »t essing ECFP under the 
conU'»i of ihe laidicU actin promoter were injected mto 
tliicr pel i-inlart t hx auons 4 wkafiei infarction. (-r^Parafhn- 
emlu ddetl hean set lions if) |im) vven* imaged . r > wk after stem 
cell 1 1 ansplaittal ion l)igii.il icsioraiion of a /-slack of 'images 
at < 1 1 1 1 1 ed tn mi die apical site of injeci ion ( c) or within the sear 
lissiit- id, t>) d.emonstrales numerous FCFP-expressing cells, d) 
N«»ie die ])i<sente » if neovascularization, d, e) Sections were 
stained with YcihaeffA'an (aeson (V-VG) to highlight colla- 
gen tin red) and elastin (black fibers around an erylhrocyte- 
comaming vessel). [) A digital!) restored z-staek of images 
a(t|uned ai high magnification further reveals that stem 
ct li clci ived 1 ( .!• P-expressmg carditunvocvtt s genei atetl a net- 
w»nk i»f m\oiibriK. Inset: magnified sarcomeres, g, h) linniu- 
m^t. lining «;>f MI(>2\' (^ and connexin 4: ? > ((1x43; h) in 
VA 1 T-t xpnssing stem cell-derived cardiomvocvies. Sc ale bars 
iiKh.aie (in nan) 20 (c), ')() {d. r), 10 (/), 1 //), and L 2 (/, 
in^ei). I he series of experiments was performed on C> rats. 
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protein coiincxin -H further revealed that these stem 
( ( 11-dct i\ ed cardiomvoevtes were integrated with the 
sun < uinding heart tissue ( Kit*". (>//). in fac t, compared 
with sham-injected hearts {ti = [\). ec hoc ardiographv of 
stem cell It ansplantcd hearts ( u \) revealed a signih- 
( antlv gi eatei left veniriculai ejec lion fraction (Fig. 7«) 
as derived from M-mode images (Fit;. 7//). Whereas in 
sham-injected hearts the in farcied anteroseptal wall was 
akinetic, the corresponding area in stem cell-injected 
hearts displayed com ractilitv indicative of viable myo- 
cardium (Fig. 7c). A positive inotropic (3-adrenergic 
response was observed in stein cell engrafted hearts but 
was absent in sham-injected failing hearts (unpublished 
results). Thus, stem cells differentiate into functional 
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Figure 7. (iain of function of infarcted hearts after stein cell 
therapy, a) Average left ventricular ejection fraction 4 \vk alter 
sham-injection (MI-KS, n—?>) or stem cell transplantation 
(Mil KS // 4 ) in rats with myocardial infarction. ^Significant 
diifei eiu r between the two groups (/ J <0.()1). b) Representa- 
tive M-niode scans obtained as 1 -dimensional images at the 
greatest dimension ol tlie lef l \ entricular base as a function of 
time. Note improved mobility of tlie anterior wall (top of 
image) in the stem cell-transphinted (right) vs. the sham- 
nijccied (left) postinf.u cted hearts, r) Two-dimension echo- 
( -it diogi aphic images through the base of the left ventricle 
(LY) in diastole (lop) and svstole (bottom). Note less dilata- 
tion and greater anterior wall (aw) contractility in the stem 
( ell-transplanted (right ) compared to the sham-injected (lef t) 
heart. 



cardiomvoevtes within infarcted hearts, resulting in 
improved function. 



DISCUSSION 

A promising approach for cardiac repair is cell-based 
rcpopulation of diseased myocardium. However, the 
originally used differentiated cardioblasts possess a 
limited mitotic aptitude, reducing their potential to 
replace extensive necrotic areas alter ischemic injury 
In this regard undifferentiated stem cells have a higher 
proliferative capability, and adult stem cells have re- 
cently been shown to differentiate into cardiomvoevtes 
when engrafted in hearts before or shortlv after infarc- 
tion, improving cardiac - function (If), lb). No data 
however, are available on the 1 potential tor differentia- 
lion of stem cells engrailed into a diseased heart weeks 
after infarction, a more clinically relevant situation 
Here we provide tlie lust evidence that 4 wk alter 
infarction, embryonic stem cells can extensively repop- 
ulate scar tissue 1 within neovasc ularized (40) scar tissue. 
Ventricular specification of differentiated stem cells was 
proved by positive staining for \lIX-2v. a specific ven- 
tricular satcomeric protein. Such cells expressed the 
gap junction protein connexin 4.S, suggesting integra- 
tion and synchronization with the host tissue. This 
resulted in enhancement of wall motion in the infarct 
/one and significant improvement of" ventricular contrac- 
tile performance, including recoveiv of the (3-adrcnergic 
response. This together with the. recent observation that 
heart injection of differentiated cardiomvoevtes. but not 
fibroblasts, improved cardiac contractile function (41) 
argues in iavor of a gain in function provided by contrac- 
tile cardiomvoevtes differentiated from KS cells. Alto- 
gether, our findings provide the first example of the 
potential therapeutic benefit of undifferentiated embry- 
onic stem cells for the diseased heart. 

Rejection of the stem cell graft by the host was not 
noted. This could be due to the absence of MH( 
antigen expression by stem cells (42). Stem cells can 
induce down-regulation of the host immune response; 
in fact, engraft merit may be successful without immu- 
nosuppression due to induction of mixed immune 
chimerism favoring long-term graft acceptance (42). 
Here, stem cells were injected into the myocardium 
without coadministration of immunogenic molecules, 
which could explain the absence of mobilization of 1 
cells, whose pool is likely to be modest (43). 

Our findings are in line with previous work showing 
the propensity ol embryoid bodies formed f rom embry- 
onic stem cells to regenerate spinal cord when en- 
grafted into the appropriate host environment (44). In 
fact, the present study provides a direct demonstration 
that the cardiac host environment is sufficient to com- 
mit undifferentiated embryonic stem cells with a high 
repertoire of potential fates toward a vcrv specific cell 
lineage, namely, the cardiac ventricular mvocvte 
(irowtli and differentiation factors determine the fate 
ol stem cells (45) . T GK-p and BMP 2 released by cardiac 
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mvocvtrs or lihi oblasts (ah 46. 47) arc mandatory in 
early eai dio^enesis in avian or Xaiojnis embryos (a5, 4S, 
4 ( J). These (actors are secreted chronically alter myo- 
cardial infarction (38). Here, members of the T(iK-p 
!amilv induced strong expression of mesodermal as well 
as carlv and late cardiac markers, indicating their ability 
to mediate cardiac commitment < )f mammalian embry- 
onic stem cells. I C ,1-0- and BMl^-treated stem c ells 
generated embrvoid bodies with extensive myofibrillar 
networks and. in the presence of host cells secreting a 
I( .k-(> family member, readily differentiated into car- 
diomvocvics with sarcomeric units similar to those of 
mature cardiac cells. 1 he requirement lor TGK-(3 and 
KMI'2 is underscored bv use cd" disrupters of" T( iF-(3/ 
HMI'2 receptor-mediated signaling, LAP (37), noggin 
(3(t), and AKTCiFpRII (22). which prevented dilleren- 
ttation of stem cells in vitro or in vivo. Thus, stem cells 
unable to respond to f(.F-(3/BMP2 signals remained 
undifferentiated and could proliferate into invasive 
tumors. This provides direct evidence that f(T-|3 su- 
jierlamilv members secrcled bv the heart (39. 50) are 
essential for stern cell differentiation into carcliomvo- 
c\ics. therein' demonstrating a paracrine role for the 
heart in this process. 

hi principle, the molecular mechanism underlying 
I ( T-p TA1P2 induc ed c ardiac- differentiation could be 
due to an 'instructive' or 'selective" modality (51). The 
In M refers to TGl--^- and K\lP2-direc ted cardiac differ- 
entiation and prevention of other fates, such as mvo- 
genesis (52). The second refers to cardiac differentia- 
tion induced bv other conditions, such as cell— cell 
interaction, in which T(T-p and BMP2 favor selection 
through a proliferative or sumval advantage (34). 
I ( iF-|3 and BMP2 actively up-regulated expression of 
cardiac transcription factors in stem cells, and the absence 
of TGF43 / BMP2 signaling kept stem cells undifferenti- 
ated. Onlv coculture of KS cells with C9 cells secreting 
BMP2 (but not with wild-type. C3H10) cells induced their 
cardiac differentiation, suggesting that cell-cell interac- 
tion alone was insufficient to secure cardiac differentia- 
tion. Thus, our data rather suggest an instructive mecha- 
nism underlying a true diiferentiation action for TGF-p 
and BMP2 on stem cells. 

In summary, we found that TGF-p superfamily mem- 
bers trigger in embryonic stem cells the expression of 
otherwise silent genes (Nkx2.5, MFT2C), a hallmark of 
cardiac phenotvpe, and activate cardiac promoters after 
stein cell engraftment. Driven bv these differentiation 
lac tors, stem cell-derived cardiomyoevtes integrate with 
the surrounding myocardium, express ventricular spe- 
cific proteins, and contract in synchrony with the host. 
These three criteria, recently described as necessary for 
establishing the occurrence of a cell fate change (45), 
are demonstrated here. Finally, our demonstration that 
stem cell-derived ca rdiomvoevtes improve contractile 
performance of infarct ed hearts, presents the opportu- 
nity for exploitation of the paracrine TGF-3/BMP2 
function of the 1 heart in optimizing stem cell-based 
therapeutic strategies lor cardiac repair. [£j] 
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1 1 > li 1 1 1 \ .^Uli animals, aiki i;i\en a ihoiu' between .111 oj timai c ontentration ot heiv/.aldc- 
In de 1 :JM)i) dilution methanol ,1 and .1 lower 1 miu'ii trat ion ot diacety] ( 1 : 10,0(10 dilution in 
etk.nol 1 in the presence of .1 uniform field ot" hut.moiK' : 1 .1 \i\ per 10- nil plate i. I nder 
the- 1- gondii ioir. more than l > :>"•■<, ot wdd-t vpc .1ni1n.1l:, pi eier ben/aldchvde. Animals that 
.u t 1 1 inulaled at l hi' di acetyl source weit removed and retesled under the same conditions 
to 1epe.1t the errkhnient. Annuals that preten:tl di.KCiyl three tunes were rotated, and 
the: 1 I hi nod:, were given .1 choice between ben/aldehyde and di.Ketv! in the absence ot a 
umi'oi 111 tona n( ration ot lu.t a none. Mulanf. that c ould t heniota\ to ben/.ildehvde l nder 
the e condition , wore sa\ ed 1 wont y seven inuiants exhibited discrimination dcicti:. that 
kouui also be replicated with;out the diaeetvl ■_01.1nter.1rtMCt.mt. Mutant ., were backt rossed 
1 wii e to wild t \ pc animal',. 



Acknowledgements 

We thank A. Sagas ti and N. h'ktoilc tor for discussions and insights into AWC .i:.vinniotrv; 
1 1. Nguyen tor tethnit.il assistance; S. Wicks and K. l'lasterk tor sharing unpubh ,hed data, 
( '.. Adler and S. Kirch tor advice on microscopy; and A. Nagasti, S. Shaham, N 1 I toile, 
1 ( _iay and ( '.. Adler for t omnients on the manuscript. 1* 1 > AV was supported bv a 
postdoctoral fellowship horn the lane ( Coffin ( liilds Memorial l ; und tor Medic.k Research. 
( .1 . b. is .111 I nvest igator ot the 1 loward 1 highes Medieal lust Mule. 1 his work was supported 
In a gr.ii M from the National Institutes of \ lealth. 

< orrespondenee and requests for materials should be addressed to C.l.lV 

: e-mail: -orka itsa.Utsf.ed .1 1. 



Genetic mapping of ky542 

We mapped kv2 12 to chromosome 11 by oh ervi ng scgi elation of t he ■ liscr:minatio!i 
[ lunolvpe aw.r. tiom the dominant marker <// ; (m .' ,■' i 7/7 f olates). Nuhseejiienl mapping 
1 a*, pertornied 'n following segregat 10: 1 ot die disc-iin. nation phenotvpe with sing c- 
i.ucleotido v >l\ norphisnis . Y\'l\) between th: wii..l-t\pe and QV;X?<. .trains. k 
I ik^iiv ol ' v"-:j -■ ( dM!v r >d uosses were ivdat a id populations were generated :rom 
^kn isoi.ik I .i- h population was tested for Ih.mik ne/lien/aldehvde disc riinin.Hio 1. 
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Myocardial infarction leads to loss of tissue and impairment of 
cardiac performance. The remaining myocytes are unable to 
reconstitute the necrotic tissue, and the post-infarcted heart 
deteriorates with time 1 . Injury to a target organ is sensed by 
distant stem cells, which migrate to the site of damage and 
undergo alternate stem cell differentiation 2 " 5 ; these events pro- 
mote structural and functional repair 6 " 8 . This high degree of stem 
cell plasticity prompted us to test whether dead myocardium 
could be restored by transplanting bone marrow cells in infarcted 
mice. We sorted lineage-negative (Lin~) bone marrow cells from 
transgenic mice expressing enhanced green fluorescent protein 9 
by fluorescence-activated cell sorting on the basis of c-kit 
expression 10 . Shortly after coronary ligation, Lin* c-/df }OS cells 
were injected in the contracting wall bordering the infarct. Here 
we report that newly formed myocardium occupied 68% of the 
infarcted portion of the ventricle 9 days after transplanting the 
bone marrow cells. The developing tissue comprised proliferating 
myocytes and vascular structures. Our studies indicate that locally 
delivered bone marrow cells can generate de novo myocardium, 
ameliorating the outcome of coronary artery disease. 

Injection of male Lm~c-kit vos bone marrow cells (see Supple- 
mentary Information) in the peri-infarcted left ventricle of female 
mice resulted in myocardial regeneration, Repair was obtained in 1 2 
out of 30 mice (40%). Failure to reconstitute infarcts was attributed 
to the difficulty of transplanting cells into tissue contracting at 600 
beats per minute. However, an immunological reaction to the 
histocompatibility antigen on the Y chromosome of the donor 
bone marrow cells could account for the lack of repair in some of the 
female recipients. Closely packed myocytes occupied 68 i 1 1% of 
the infarcted region and extended from the anterior to the posterior 
aspect of the ventricle (Fig. la-d) The fraction of endocardial and 
epicardial circumference delimiting the infarcted area 111 did not 
differ in untreated mice, 78 ± 18% (n — 8), or in mice treated 
with Lin c-Jti/ ms cells, 75 ± 14% (n = 12), or Lin c-b7 ;i t, cells, 
75 ± ]5% (>; = 11 ). New myocytes were not found in mice injected 
with Lin c-b'f NTt 'cells (Fig. le). 

The origin of the cells in the forming myocardium was deter- 
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mined by the expression of enhanced green fluorescent protein 
(IX ill 1 ) (Fig. 2; see also Supplementary Information) and the 
presence of V chromosome (Supplementary Information). K(iFP 
was restricted to the cytoplasm, whereas V chromosome was 
restricted to the nuclei of new cardiac cells. FXIFl' and Y chromo- 
some were not detected in the surviving portion of the ventricle. 
Ft iFP expression was combined with the labelling of proteins 
specific for myocytes, endothelial cells and smooth muscle cells. 
This allowed us to identify each cardiac cell type, and to recognize 
endothelial and smooth muscle cells organized in coronary vessels 
f Fig. 3a -c; see also Supplementary Information). The percentage of 
new mvocvte.s, endothelial cells and smooth muscle cells expressing 
F( ;FT was 53 ± 9»!<» in = 7), 44 ± n ( M> (/; 7) and 49 ± 7% (/; = 7), 
p-spectivelv. These values were consistent with the fraction of 
ti msplanted Fin L-kit l ' n ' bone marrow cells that expressed FGFP, 
-H r 1() (, () (//:=(->). An average 54 ± ( S ( Jo (n = h) of myocytes, 
endothelial cells and smooth muscle cells expressed FGFP in the 
h< art of donor transgenic mice. 

To confirm that newly formed myocytes represented maturing 




Figure 1 Bone maTow cells; and myocardial regeneration, a, Myocardial infarct (Ml) 
it i-ict-1 with Lin" c-kif™' cells from bone marrow (arrows). Arrowheads indicate 
i- :jer - rating myocardium; VM, viable myocardium, b, Same Ml at higher magnification, 
c, d, l iw and high magnifications of Ml injected with Un"c- kit 0 ' 1 cells, e, Ml injected with 
[ in i /(// JF;i cells; only healing is apparent. Asterisk indicates necrotic myocytes. Red, 
cardi.i; myosm; green, propidium iodide labelling of nuclei. Original magnification, >:12 
;.a); >.J5 (c) x50 (b, d, e). 
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cells aiming at functional competence, we examined expression of 
the myocyte enhancer factor 2 (MFF2), the cardiac specific tran- 
scription factor GATA-4 and the early marker of myocyte develop- 
ment Gsx/NFx2.5. In the heart, MFF2 proteins are recruited by 
GATA-4 to activate synergistically the promoters of several cardiac 
genes, such as myosin light chain, troponin T, troponin I, a -myosin 
heavy chain, desmin, atrial natriuretic factor and a-actin lJ,l \ Gsx/ 
Xkx2.5 is a transcription factor restricted to the initial phases of 
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Figure 2 Myocardial infarct injected with Lin "c-/c/f os cells; myocardium is regenerating 
from endocardium (EN) to epicardium (EP),. a, EGFP (green); b, cardiac myosin (red:-; 
c, combination of EGFP and myosin (red-green), and propidium-iodiiie-stamed nuclei 
(blue). Infarcted tissue (IT) can be seen in the subendocardium, spared myocytes (SM) can 
be seen in the subepicafdium. Original magnification, <250 (a-c). 




Figure 3 Regenerating myocardium in myocardial infarct injected with Lin c-M POii cells, 
a, EGFP (green); b, smooth muscle a-actin in arterioles (red); c, combination of EGFP 
and smooth muscle a-actin (yellow-red), and propidium iodide (Pi)-stained nuclei (blue), 
d-i, MEF2 and C"x/Nkx;i.5 in cardiac myosin-positive cells, d, g, Pl-stained nuclei (blue); 
e, h, MEF2 and C';x/Nkx2.5 labelling (green); f, i, cardiac myosin (red), and combination of 
MEF2 or Csx/Nkx2.5 with PI (bright fluorescence in nuclei). Original magnification, >300 
(a-i). 
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myocyte differentiation 1 ". In the reconstituting heart, all nuclei of 
(.ells labelled with cardiac myosin expressed MFF2 (Fig. 3d— f ) and 
( iATA-4 (Supplementary Information), but only 40 ± 9% expressed 
Csx/Nkx2.5 (Fig 3g-i).' 

To characterize further the properties of these myocytes, we 
determined the expression of connexin 43. This protein is 
responsible for intercellular connections and electrical coupling 
through the generation of plasma- membrane channels between 
myocytes 1 ' '' '; connexin 43 was apparent in the cell cytoplasm and 
at the surface of closely aligned differentiating cells {Fig. 4). These 
results were consistent with the expected functional competence ot 
the heart muscle phenotype. In addition, myocytes at various stages 
of maturation were detected within the same and different bands 
(Fig. 5). 

Kifi7 is expressed in cycling cells in Gl, S, G2 and early mitosis'", 
providing a quantitative estimate of the fraction of cells in the cell 
cycle at the time of observation. 3-Bromodeoxyuridine (BrdU) 
labelling identifies nuclei in S phase 1 " 1 ; therefore, we injected 
HrdU for 4-5 days to assess cumulative cell division during active 
growth (Supplementary Information). Proliferation of myocytes 
was 93% (P< 0.001) and 60% (P< 0.001) higher than that of 
endothelial cells, and 225% (P< 0.001) and 176% (P < 0.001) 
higher than that of smooth muscle cells, when measured by KrdU 
and Ki67, respectively (BrdU: myocytes 36 8%; endothelial cells 
l L )r 5 n .»; smooth muscle cells 11 ±2%; Ki67: myocytes l l >±3%; 
endothelial cells 12 ± 3 n '<>; smooth muscle cells 7 ± 2%; n — S in all 
cases). Dividing myocytes were small with partially aligned myofi- 
brils, resembling late fetal/neonatal cells; 40-50% of the Ki67 or 
BrdU-positive cells expressed FGFP. 

('ell differentiation caused a loss of c-kit surface receptors. We 
observed only two undifferentiated cells showing c-kit on the cell 




Figure 4 Myocardial repair and connexin 43. a, Border zone; b-d, regener itiny 
myocardium. Shown are connexin 43 (yellow-green; arrows indicate contacts between 
myocytes) and a-saroomeric actin (red), and Pl-stained nuclei (blue). Original 
magnification, x500 (a), ;<800 (b-d). 
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membrane in the subendocardium of the infarcted wall These c-kit- 
labelled cells were in proximity but not within the regenerating 
band. They expressed FGFP, confirming their origin from the 
transplant (Supplementary Information). 

To determine whether developing myocytes derived from the 
Fin c-kit U) ' cells had an impact on function, we obtained haemo- 
dynamic parameters before death. Results from infarcted mice non- 
injected or injected with Ian c-kit I(, cells were combined. In 
comparison with sham-operated mice, the infarcted groups exhib- 
ited indices of cardiac failure (Fig 6a),, In mke treated with Fin 
c-fc/'f ms celk left ventricular (IV) end-diastolk pressure (IYEDP) 
was 36% lower, and developed pressure (LVDP). FY f dPIdt and 
FY - dP/dt were 32%, 40% and 41% higher, respectively 

Locally transplanted Lin c-kit U) > bone marrow cells have a high 
capacity for cardiac tissue ditterentution Here, they led to the 
formation of new myocytes, endothelial tells and smooth muscle 
cells generating de tn>w mvocardium, inclusive ot coronary arteries, 
arterioles and capillaries. The partial repair ot the infarcted heart 
implies that the transplanted ^ells responded to signals from the 
injured myocardium that promoted their migration, proliferation 
and differentiation within the necrotic area of the ventricular wall 
(Fig. 6b). These differentiating myocytes expressed nuclear and 
cytoplasmic proteins typical of cardiac tissue. The presence of 
connexin 43 points to cellular coupling and functional competence 
of the restored myocardium (1 ig. obi. With postnatal maturation, 
stem cell function was assumed previously to be restricted to cell 
lineages present in the organ from which thev are derived. However, 
this limitation m stem cell differentiation potential has been 
challenged by studies showing that bone marrow and neural stem 
cells can pr< 'duce many cell types' " We report . for the first time, 
that a subpop ulatiun of primitive bone marrow cells regenerate 
myocardium in vzv<>, replacing dead tissue 

Haematopoietic stem cells (HSCs). neural -crest -derived melano- 
blasts and primordial germ cells express c-kit on their cell mem 
brane. These primitive cells migrate during fetal development, 




Figure 5 Vyo' ardial infarr ts injected with Lin'c A/f 0 ' 'ells: regenerating nyocytes, 
Shown art - cardial myosin (r*'d), and pn'pidium-iodide-iabellcd nuclei (yellow-green), 
Original magnification, > FUOO (a); -700 (b). 
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homing to the yolk sac and liver. Both of these organs are positive 
for messenger RNA encoding stem cell factor (SCF), the ligantl for 
L-iat '. It is thought that membrane-bound SCF mediates the 
migration of Mm" and other primitive cells to their target 
organs'". The tet.il and neonatal hearts are positive for SCF 
transcripts" 1 and, .ilthough it is not clear whether adult heart cells 
generate SCF, the c-^/f/SCF pathway might be the mechanism by 
which, in our conditions, transplanted Lin c-kit ]{) cells migrated 
from the site of iniection to the infarcted myocardium 

When a stem tell divides, two daughter cells are ti timed; these 
may maintain stem cell properties or become differentiating cells' s 
that multiply mudi more rapidly than stem cells' 1 . 'I he Lin c-kif os 
cells in these transplants produced the three main cell types of the 
heart myocytes constituted the predominant and most aclive 
growth component of the regenerating myocardium, endothelial 
and smooth muscle cells were fast growing but were smaller 
fractions of the developing tissue, Our observations are difficult 
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to compare with those obtained in the cryo-injured rat heart after 
injecting cultured myocytes derived from mesenchymal bone 
marrow cells' 1 ',. Formation of myotubules in vitro was required for 
successful transplantation in that study J: \ which contrasts with our 
results. Cryo-injury has no human counterpart. It constitutes an 
unusual damage with an intact coronary circulation. This may be 
why only a few endothelial cells were possibly linked to the original 
culture system^ 1 and smooth muscle cells were not detected. Also at 
variance with our data is the fact that there was no replacement of 
damaged myocardium with functioning tissue. 

Coronary heart disease accounts for 50% of all cardiovascular 
deaths and nearly 40% of the incidence of heart failure. The current 
Findings have provided compelling evidence that our approach has 
relevant implications for human disease. Locally delivered primitive 
bone marrow cells promoted successful treatment of large 
myocardial infarcts after the completion of ischaemic cell death. 
This therapeutic intervention reduced the infarcted area and 
improved cardiac haemodynamics. Infarct size is a major determi- 
nant of morbidity and mortality, as massive infarcts affecting 40% 
or more of the left ventricle in patients are associated with 
intractable cardiogenic shock or the rapid development of 
congestive heart failure 1 . In the past, recovery of cardiac function 
has been fully dependent on the growth of the remaining non- 
infarcted portion of the ventricle. However, the hypertrophied 
infarcted heart undergoes progressive deterioration, leading to a 
dilated myopathy, terminal failure and death 1 . Transplanted 
Lin ~c-kit U)s bone marrow cells have the capability of regenerating 
acutely significant amounts of contracting myocardium. This new 
form of repair can improve the immediate and long-term outcome 
of ischaemic cardiomyopathy. □ 
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Methods 

Lin c-*/f pos cells 

We collected bone marrow from the femurs and tibias of nule transgenic mice expressing 
IXifP 4 . ('ells were suspended in PBS containing 5>% fetal calf serum (PCS) and incubated 
on ice with rat anti-mouse monoclonal antibodies specific for the following haemato- 
poietic lineages: CD4 and CDS (T lymphocytes). B-220 (I* lymphocytes), Mac-1 
(macrophages), GR-1 (granulocytes) (all Caltag Laboratories) andTER-119 
(erythrocytes) ( Pharmingen). Cells were then rinsed in TBS and incubated for 30 min with 
magnetic beads coated with goat anti-rat immunoglobulin (Polysciences). Lineage- 
positive cells were removed by a biomagnet and the 10% remaining lineage-negative ( Lin") 
ceils were stained with ACK-4-biotin (anti-e-for monoclonal antibody). Cells were rinsed 
m PBS, stained with streptavidin-conjugated plncoerythrin (SA-PE) (Caltag) and sorted 
by LACS using a EACSVantagc instrument (Becton Dickinson}. We excited EGFP and 
ACK-4-biotin-SA-PL at a wavelength of 488 nm. The Lin" tells were sorted as c-kit- 
positive (c-kir I>os ) and c-^/r-ncgative (c-kit sl 'l with a 1-2 log difference in staining 
intensity. The c-fc;r' n> cells were suspended at a concentration of 3 x It) 1 to 2 x Uf 1 cells in 
5uJ of PBS, and the c-J;jf NFl 1 cells were suspended at a concentration of 5x 10' to 5 x lO^in 
5^1 of PBS 1 ". 
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F jnctionat competence 

Figure 6 Postulated n^ium ;m ^ m-.ocardial regeneration and itr. ''■'■mi on ventricular 
function, a. Eftects of irdial infarction (Ml) on left ventricular end du .tolic pressure 
(LVEDP). developed prr.Mjr- (LVDP), LV+- dF'df (rate of pressure ro v : and LV- dP/'d/ 
(rate of pressure decavi Faults a r e from sham-operated mice (SO. n _. 11), nice 
noti-injocted with Lin ■ kit' ■ coii'. (Ml; n = r j injected with Lin"c-A// J ' ■ ; ells: n == 6 
iioii-injectcoj, and nm i- imm-i ;ted with Lin c-kif^ cell;; (MI+BM, n - 'ii Values are 
mean i. s.d. *P< 0.i: : < u'sus o0; > P 0.05 versus ML b, Proprr.rd -.cheme for 
i in c-kif K)i: cell differentiation in i ardiac muscle and functional impin at ons. 



Myocardial infarction 

Myocardial infarction was .nduced in female O t BL/6 mice at 2 months of age as 
described"; 3-3 h after infarction, the thora\ was re-opened and 2.5 (jl L PBS containing 
Lin \-kit [ ° s celL were injected in the anterior and posterior aspects of the viable 
myocardium bordering the infarct. Infarcted mice that were not injected or injected 
with I. in c-krf Nh ' cells and sham-operated mice were used .is controls. Ml animals were 
killed 9 t 2 days after surgery. Protocols were approved by an institutional review 
board. 

Ventricular function 

Mice were anaesthetized with chloral hydrate ('100 mg per kg (body weight J, intraper- 
itoneally ( i.p.)), and the right carotid artery was cannulated with a microtip pressure 
transducer (mode! SPR-67 I; Millar) for the measurements of l.V pressures, and LV + and 
LV- d/7dr in the closed-chest preparation. The abdominal aorta was cannulated, the heart 
was arrested in diastole, and the myocardium was perfused retrogradely with 10% buffered 
formalin " Three tissue sections, from the bast to the apex of the left ventricle, were 
stained with haematoxylin and eosin. At 9 :t 2 days after coronary occlusion, the infarcted 
portion of the ventricle was easily identifiable grossly and histologically (see Fig. la). The 
lengths ot the endocardial and epicardial surfaces delimiting the infarcted region, and the 
endocardium and epieardium of the entire left ventricie, were measured in each section. 
Subsequently, their quotients were computed to yield the average infarct size in each case. 
This was accomplished at x4 magnification with an image analyser connected to a 
microscope". 
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The calcium-release-activated Ca 2+ channel, Jcrac i-3 » is a highly 
Ca~ + -selective ion channel that is activated on depletion of either 
intracellular Ca 2+ levels or intracellular Ca 2+ stores. The unique 
gating of /( kac nas made it a favourite target of investigation for 
new signal transduction mechanisms; however, without molecu- 
lar identification of the channel protein, such studies have been 
inconclusive. Here we show that the protein CaTI (ref. 4), which 
has six membrane-spanning domains, exhibits the unique bio- 
physical properties of / f RAC when expressed in mammalian cells. 
Like / c RAC , expressed CaTI protein is Ca 2+ selective, activated by a 
reduction in intracellular Ca 2+ concentration, and inactivated by 
higher intracellular concentrations of Ca 2+ . The channel is indis- 
tinguishable from / CRAC in the following features: sequence of 
selectivity to divalent cations; an anomalous mole fraction effect; 
whole-cell current kinetics; block by lanthanum; loss of selectivity 
in the absence of divalent cations; and single-channel conduc- 
tance to Na + in divalent-ion-free conditions. CaTI is activated by 
both passive and active depletion of calcium stores. We propose 
that CaTI comprises all or part of the / ( RA( pore. 
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Myocyte loss in the ischemically injured mammalian heart often leads to irreversible deficits in car- 
diac function. To identify a source of stem cells capable of restoring damaged cardiac tissue, we 
transplanted highly enriched hematopoietic stem cells, the so-called side population (SP) cells, into 
lethally irradiated mice subsequently rendered ischemic by coronary artery occlusion for 60 min- 
utes followed by reperfusion. The engrafted SP cells (CD34 /low, c-Kit + , Sca-1 + ) or their progeny 
migrated into ischemic cardiac muscle and blood vessels, differentiated to cardiomyocytes and 
endothelial cells, and contributed to the formation of functional tissue. SP cells were purified from 
Rosa26 transgenic mice, which express lacZ widely. Donor-derived cardiomyocytes were found pri- 
marily in the peri-infarct region at a prevalence of around 0.02% and were identified by expression 
of lacZ and ot-actinin, and lack of expression of CD45. Donor-derived endothelial cells were identi- 
fied by expression of lacZ and Flt-1, an endothelial marker shown to be absent on SP cells. Endothe- 
lial engraftment was found at a prevalence of around 3.3%, primarily in small vessels adjacent to the 
infarct. Our results demonstrate the cardiomyogenic potential of hematopoietic stem cells and sug- 
gest a therapeutic strategy that eventually could benefit patients with myocardial infarction. 

J. Clin. Invest. 107:1395-1402 (2001). 



Introduction 

Occlusion of a coronary vessel and the resultant 
myocardial ischemia rapidly results in myocardial 
necrosis followed by scar formation. When the ischemic 
myocardium is reperfused, there is a rapid onset of con- 
traction band necrosis and an intense inflammatory 
cascade. Inflammatory cells, although potentially inju- 
rious, are critical to efficient repair of the ventricular 
wall, mediating a process that involves resorption of 
necrotic material, scar formation, and angiogencsis (1). 
While efficient repair will allow the ventricle to function 
despite the loss of some of its cardiac myocytes (con- 
tractile subumts), it has been well established that adult 
cardiac myocytes do not replicate, thus these pump 
units are not actually replaced. Thus, microvascular 
repair can ensue through replication of smooth muscle 
cells and endothelial cells, but the ventricular myocytes 
are replaced by scar. The recent progress in the area of 
stem cell research has led to the suggestion that primi- 
tive stem cells might potentially be used to regenerate 
cells in organs in which no parenchymal regeneration 
occurs. The purpose of this study was to examine the 



possibility that primitive stem cells might contribute to 
regeneration in the infarcted myocardium 

Recent research suggests that primitive stem cells with- 
in whole bone marrow possess greater functional plas- 
ticity than was suspected previously. After bone marrow 
transplantation, donor-derived stem cells have been 
found in such diverse nonhematopoietic tissues as skele- 
tal muscle (2), cardiac muscle (3), liver bile ducts (4, 5), 
and vascular endothelium (6-9). The stem cell compart- 
ment in human bone marrow is highly complex, com- 
prising both CD34 + and CD34 hematopoietic stem cells, 
mesenchymal progenitors, and perhaps other cell types 
whose activities remain to be defined. In the study report- 
ed here, we tested a novel "side population" (SP) of CD34 
stem cells, selected on the basis of Hoechst dye staining, 
for their capacity to regenerate cardiac mvo fibers and 
blood vessels in ischemically injured cardiac tissue. SP 
cells have been well characterized previously and shown 
to be potent hematopoietic stem cells (10, 1 1 ) capable of 
contributing to regeneration of skeletal muscle (12). In 
the present study, SP cells have been more thoroughly 
characterized by RT-PCR and Ab staining in order to bet- 
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ter define the differentiation potential of these trans- 
planted stem cells. After their engraftment in the lschem- 
ically injured hosts, SP cells or their progeny became 
incorporated into both cardiac muscle and vessel struc- 
tures, where they displayed the characteristics ot differ- 
entiated cardiomyocvtes as well as endothelial cells. 

Methods 

hoLition of SP cells. 1'one marrow specimens extracted 
from the tibias and femurs of C57BL/6-Rosa (a mixture 
of homozygous and heterozygous animals) and 
(\57BL/6-Ly-5. 1 mice 6 to 12 weeks of age were sus- 
pe n d ed a t 1 0 (l cell s/ m 1 l n D M EM supple m en t ed wi 1 1 1 
2 n n bCS/ lOmM HbPES (HyClone Inc., Logan, Utah, 
USA, and Life Technologies Inc., Carlsbad, California, 
USA, respectively) and stained with 5 Jig ' nil Hoeehst 
33342 (Sigma-Aldneh, St. Louis, Missouri, USA) for 90 
minutes at 37 °C, as described previously (10, 13). The 
cells were then resuspended in cold 1 1BSS containing 
2 l u LCS and 2 ml propidium iodide. 

SP cells, selected as shown in Figure L typically 
accounted for 0.05 C V. of whole bone marrow. These stem 
cells were additionally tested for c-Kit expression w ith an 
anti-c-Kit Ab (2B8; PharMingen, San Diego, California, 
USA) and for PECAM-1 (CD31) expression with 
anti CI)3 1 -biotin (MEC 1 3,3; PharMtngen) followed by 
staining with streptavidin-phycoerythrin (srreptavidm- 
PE) (Molecular Probes Inc., Eugene, Oregon, USA). 
Expression of the Tie- 2 protein was determined by 
Hoeehst 33342 staining followed by fluorescein di-p-n- 
galactopvranoside (FOG) staining (Molecular Probes 
Inc.) of whole bone marrow from mice expressing the lacZ 
gene under control of the Tie-2 promoter, FVB/N- 
TgN(TIE2LacZ)182 Sato (The Jackson Laboratory, Bar 
Harbor, Maine, USA) (14). Sorting and analysis of SP cells 
were performed on a triple-laser instrument (MoFlow; 
Cvtomation Inc., Fort Collins, Colorado, USA). An argon 
laser tuned to 350-nm emission was used to excite the 
Hoeehst dye. Fluorescence emission was collected with a 
405/30 band pass (BP) filter (Hoeehst blue) and a 670/40 
BP filter (Hoeehst red). A second 488-nm argon laser was 
used to excite PE and FITC. The purity of SP cells in the 
sorted samples was routinely greater than 91%. 

RNA extraction and RT-PCR analysis. Total RNA was 
extracted from purified SP cells from C5 7 BL/6-Lv-5 1 
mice using Tn-Reagcnt (Sigma-Aldnch). Approxi- 
mately, 100 ng of total RNA was treated with 
DNAase (Life Technologies Inc.) and used in a first- 
strand reaction that included oligo dT primers and 
Superscript reverse transcriptase (Life Technologies 
Inc.). Nested PCR was performed on cDNA under the 
following conditions: 94°C 1 minute, 60"C 1 minute, 
72 °C 1 minute for 35 cycles. Five microliters of the 
first PCR reaction was used as a template in the nest- 
ed PCR reaction. The following primers were used: 
angiopotetin-l (580 bp), 5'-CAGTGGCTG- 
G A A A A AC TTG A - 3 ' forward, 5'-TCTGCACAGTCTC- 
GAAATGG-3' reverse; angiopoietin-2 (666 bp), 
5'-CACA(TGACCTTCCCCAACT-3' forward, 5'-TGGT- 




Figure 1 

Gene-evprcssion analysis of bone marrow SP cells (a) \ formal 
murine bone marrow is stained with Hoeehst 33342. The indicated 
SP popula:ion comprises around 0.05% of total bone marrow cells, 
(b) The maiontv of SP cells are positive for the markers c-Kit and 
PECAM-1 icl RT-PCR analysis of purified SP cells, m, marker; 
VE-CAD, VE cadhenn. FVIII, factor VIII. 



GTCTCTCAGTGCCTTG-3' reverse; Tall (984 bp), 5'- 
GTCCTCAi :.\( CAAAGTAGTG-3' forward, 5'-AAAC- 
TAAGCAAGAATGAGATC-3' reverse; Tie- 1 (300 bp), 
5'-AC( CACTACCAGCTGGATGT-3' forward, 5'-ATCGT- 
GTGCTAGt ATTGAGG-3' reverse, Tie-2 (414 bp), 5'- 
CCTTCCTACCTGCTA-3' forward- 1, 5'-CCGTGGACAG- 
GG GAG ATA AT- 3' forward-2, S'-CCACTACACCT- 
TTCT'ITACA-3' reverse; ICAM-2 (320 bp), 
5'-CATATGGTCCGAGAAGCAGA-3 / forward, 5'- 
TGCACTCAATGGTGAAGTCT-3' reverse; VE-cadhcrm 
(520 bp), 5 '- rfGCCCAGCCCTAGCAACCTAAAG-3' for- 
ward, 5'-ACCAC-CGCCCTCCTCATCGTAAGT-3' reverse; 
v\X'F(W97 bp), 5'-ATGATGGAGAGGTTACACATC for- 
ward- 1 , 5'-GCGCATCCGCGTGGCAGTGG-3 / forward-2, 
5'-( jGCAl iTTGCAGACCCTCCTTG-3' reverse; FVUI (400 
bp), 5'-GTO .'CTACTCCTTCTA7TCTAGCC-3' forward- 1 , 
5'-CTTCGCATGGAGTTGATGGGCTGT-3' forward-2, 
TCAT< ATA< iGTGTGGATGAGTCCTG-3' reverse; VEGF- 
A (620, 54S. 488 bp), 5'-GC.ATCCATGAACTTTCTGCT- 
3' forward- 1, 5'-GGGTGCACTGGACCC:TGGGT-3' for- 
ward-2, 5'-uAATTCACCGCCTCGGCTTGTC-3' reverse; 
Flkl (537 bp), 5'-GCCAATGAAGGGGAACTGAAGAC:-3' 
forward, 5 ' - Ti TG ACTGCTG GTG ATG CTGTC-3' reverse; 
Fit- 1 (504 bp), 5'-TGTGGAGAAACTTGGTGACCT-3' for- 
ward, 5'-'I « i G A G A A C A G C A G G A CT C CTT- 3 ' reverse; 
smooth muscle oc-actin (240 bp), 5'-GAGAAGC- 
CCAGCCAGTCG-3' forward, 5'-CTCTTGCTC- 
TGGGCTTCA-3' reverse; calponin (213 bp), 
5'-( :AC:CAACAAGTTTGCCAG-3' forward, 5'-TGT- 
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( rrc 'G( \\( jT( iTTC X !AT-3' reverse; desmin (377 hp), 5'- 
A rdACiCCACKiCCTAC rcXiTC-.V forward, 5'- ( ,( < i( ,A( - 
CTTCTCXiATt iTAGT-3' reverse; a- act in in (976 bp), 

5 ' - ' i '( ; c :t c ; c : t atc ; g tg tc ; a c ; a g g - 3 ' f< > r w a r d , 5 ' - g c c ; a i ' - 

GA ITGAGGTTGAGAG-3' reverse. 

Bone marrow trari^plantation and cardiac occlusion. 
Female C57BL/6-Ly-S. 1 mice were irradiated (9 tJy) and 
injected with 2,(300 SP cells isolated from male 
( '57BL/ 6-Rosa-L\ -5.2 mice. Hngrnfcment, which 
ranged from 35 85'V>, was determined by analysis of 
peripheral blood using Abs against Ly-5.2 (clone 104; 
PharMingen) or ITX_i staining for lacZ expression 
(Molecular Probes Inc.) followed by FACS analysis. 
Approximately 10 weeks after bone marrow transplan- 
tation, the left anterior descending coronary artery of 
each mouse was occluded for 60 minutes, followed by 
reperfuston as described previously ( 15). Two or tour 
weeks after cardiac injury, hearts were removed and 
fro/en foi immunohisiochemical analysis. At 2 and 4 
weeks, the survival rate was 26%. fifty-three percent of 
the mice survived at least 1 week, and 80% survived at 
least 24 hours of reperfusion after the 1 hour occlusion, 
consistent with previous observations. 

Innniinohistocbcmical analysis. Frozen sections ( 12 LlM) 
of expei imental tissue were fixed with 4°u 
paraformaldehyde for 30 minutes at 4°C LacZ stain- 
ing was performed overnight at 37 C C with the follow- 
ing reagents: 5 mM potassium ferrocyanide. 5 mM 
potassium ferri cyanide, 2 mM MgCb, 0.01% sodium 
deoxycholate, 0.02% Nomdet P-40 (NP-40), and 1 
mg/ml X-gal (Life Technologies Inc.). The tissues were 
then washed in PBS and stained with specific Ab's. 
Anti-a-actinin (clone EA-53; Sigma-Aldnch) was used 
to identify cardiac muscle, while anti-Fit- 1 (clone CM 7; 
Santa Cruz Biotechnology Inc., Sant a Cruz, California, 
USA), and anti-ICAM-1 (generously provided by Alan 
Burns, Baylor College of Medicine) were used to recog- 
nize endothelial cells. Hematopoietic cells were visual- 
ized with anti-Ly-5-biotin (clone 30- Fl 1; PharMingen). 
Secondary Ab's were conjugated to Alexa 488, Alexa 
546, or Alexa 594 (all from Molecular Probes Inc.). 
Slides of the stained tissues were prepared and analyzed 
by fluorescence and differential interference contrast 
microscopy. Some sections were costained with the 
antimacrophage Ab, F480 (Serotec Ltd., Oxford, Unit- 
ed Kingdom), which was detected with a kit from Vec- 
tor Laboratories (Burlingame, California, USA) com- 
prising a stain with a biotinylated anti-rat secondary 
followed by an avidin-biotin complex developed with 
3,3-diaminobenzidmc (DAB) from Vector Labs; the 
counters tain was eosin. 

Results 

The SP of murine bone marrow stem cells selected by 
Hoechst dye staining (Figure la) is a highly enriched 
hematopoietic stem cell population that can give rise to 
all hematopoietic lineages in the mouse (10, 11). To 
demonstrate a contribution from SP cells to the repair 
of nonhematopoietic tissues, we first tested for the 



expression of markers of primitive and fully differenti- 
ated endothelial cells and cardiomyocytes. As shown in 
Figure lb, the intrinsically c-Kit -positive SP cells also 
expressed PFCAM-1 (CL>31), which was thought previ- 
ously to be restricted to angioblasts, endothelial cells, 
megakaryocytes, and platelets. KT- PGR analysis of RNA 
from purified SP cells (Figure lc) failed to detect com- 
mon markers of cardiac muscle (desmin and a-actinin), 
differentiated vascular endothelial cells (7C4A/-2, VF-cad- 
berin, i>WF, and factor VIII), and earlv endot helial progen- 
itor cells (Flk-1 and Flt-F the receptors for VEGF). How- 
ever, the SP cells did express the Tic-2 gene, which 
encodes a receptor for angtopoietins 1 and 2. This Find- 
ing was confirmed by examining the expression of lacZ 
in SP cells from a mouse that expressed this gene under 
control of the Tic-2 proimuei 'enhancer (data not shown) 
(14, 16). The purified SP cells also expressed the early 
hematopoietic/endothelial cell transcription factor Tal- 
I/SCF as well as three isofo! ms ufX'FGF-A and angiopoi- 
etm-1 (Ang-1). In all instances of marker positivitv, the 
RT PGR signal was present in three of three individual 
preparations of purified SP cells. The identities of the 
PGR products were confirmed by I ">NA sequencing. 

To assess the contribution of SP cells to the repair of 
injured heart muscle, we employed bone marrow trans- 
plantation and a model of cardiac occlusion/reperfu- 
sion (Figure 2). Twenty-two C5~Bl/6 mice were lethally 
irradiated and transplanted with SP cells purified from 
the bone marrow of 6-io-S-week-old adult C57B1/6- 
Rosa26 mice, a strain in which the lacZ gene is expressed 
widely (17). Ten to 12 weeks after transplantation, the 
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Figure 2 

Experimental schema. SP cells were purified from bone marrow 
(BM-SP) obtained from C57BI/6-Rosa26 transgenic mice. These cells 
were transplanted into lethally irradiated recipients. After 2 months, 
stable engraftment was determined by establishing che presence of 
lacZ-positive peripheral blood cells. Highly engrafted animals were 
subjected to coronary artery ligation for 60 minutes, followed by 
reperfusion. Two to four weeks later, the surviving animals were sac- 
rificed for analysis of lacZ incorporation into cardiac tissue. 
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Figure 3 

Incorporation of SP cells into vascular endothelial cells, (a d) 
X-^al- stained section of cardiac tissue from an infarct ed SP eel I- trans- 
plant recipient; b and d show magnifications of the indicated capil- 
laries from a and c (e I) Cardiac tissue as above, stained for expres- 
sion of endothelial markers. An enlargement of the vessel stained for 
lacZ in e is seen in f. The same vessel is shown in g, stained with Flt-1 , 
; : nd in h, with ICAM-1. An enlargement of the vessel stained for lacZ 
in i is seen in j. The same vessel is shown in k, stained for Fit 1 , and in I, 
for I CAM 1 a, c, e, and i: x200; b,d,f-h, and j I: x1,000. 



left anterior descending coronary artery was occluded 
for 1 hour and repertused. Nineteen mice were treated, 
and sham operations were performed on three animals. 
Mice were sacrificed 2 or 4 weeks after injury m order ro 
analyze hearts for incorporation of SP cells or their 
progeny into regenerating tissues, hive mice (26%) that 
underwent occlusion/ reperhision of the coronary artery 
sumved to the end of the experiment, a mortality rate 
consistent with previous observations (15). 

The hearts of mice that sumved for 2 or 4 weeks ai ter 
injury were sectioned, stained with X-gal, followed by 
fluorescent Ab's, and scanned for incorporation of 
transplanted cells into regenerating tissues. We 
observed lacZ staining in vessel structures of various 
caliber, but most commonly in capillaries (Figure 3, 
a-d). The lacZ-positive cells costained with Ab's against 
Flt-1 and ICAM-1 (Figure 3, e-1), demonstrating that 
SP cells or their progeny had migrated to the injured 
heart via the circulation, localized to newly form- 
ing vessels, and appeared to have integrated into 
the surface lining as differentiated endothelial j 
cells. Analyses of SP-cell incorporation into spe- 
cific vessel structures (i.e., arterioles, venules, lym- 
phatic vessels) is ongoing. We are also further 
investigating the relative contribution of SP cells 
to the regeneration of specific vascular cell types 
(endothelial, pericyte, and smooth muscle cells). 
We found no lacZ- positive cells in vessel struc- 
tures of sham -treated animals. 

We also observed incorporation of lacZ-positive < 
cells into cardiac muscle (Figure 4). In contrast to 
the sham-treated control, which lacked any evi- 



Figure 4 

Incorporation of SP cells into cardiomyocytes. (a) Negative 
control: C57BI/6 cardiac tissue stained for lacZ expression, (b) 
Positive control: C57BI/6-Rosa26 cardiac tissue stained for 
lacZ expression. This typical section demonstrates both pat- 
terns of punctate and whole-fiber staining, (c) Cross-section of 
a heart from an SP cell-transplant recipient, which received an 
infarct, (d) Longitudinal section of an SP cell-transplant recip- 
ient, which received an infarct, (e-h) LacZ and (X-actimn 
costaining of lacZ-posit ive fibers, (i) CD45 costaining of the 
section in g and h. (j) Anti-CD45 staining of spleen (positive 
control). Sections were stained with X-gal, and LacZ-positive 
sections were subsequently stained for oc-actinin (f, h) and 
CD45 (i), and the sections were photographed. 



a 
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dence of SP-cell recruitment, cardiac tissue from the 
treated mice showed blue staining throughout the heart 
(Figure 4, c-hj. Although the extent of staining waned 
appreciably, myocardial tissue specimens from all trans- 
plant recipients were lacZ positive. In some cases, par- 
ticularly in animal 6, which had a remarkably high level 
of lacZ positivitv, the staining extended throughout 
large tracts (Figure 4, c-e). In many cases, the staining 
was in a punctate pattern (Figure 4g). Cardiac muscle 

b • * c 
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Figure 5 

LacZ staining occurs primarily at the border of myocardial infarc- 
tion, (a) Lower- power (xl 0) photograph of mouse myocardial 
infarction after 4 weeks. The arrowhead points to the location of 
lacZ staining shown in b and c The lighter pink tissue to the left 
and above the arrowhead is primarily fibrotic and results from the 
infart tion. (b) H igher power ( x20) photograph of the same sec- 
t ion dual stained for lacZ and the antimacrophagc Ab F480. The 
open arrowhead indicates a macrophage, the closed arrowhead 
indicates la cZ- posit ive card io myocytes (the same region shown in 
[ : igun i 4, gand h). (c) Higher-power photograph oft he same sec- 
tion (X40). (d) Macrophage density of a cardiac section atter 1 
hour of ischemia and 3 hours of reperfusion. The open arrow- 
head:, indicate two of the many macrophages present. The coun- 
t erst an >s eosin. 



from the Rosa26 positive control stains in both a 
punctate and diffuse pattern (Figure 4b). The lacZ- 
positive areas costained with AlVs against a-acnnin 
i h'igure 4, c~b) and appeared to be contiguous witli 
lac/- negative cardiomvocvtes. To be certain that the 
punctate staining pattern did not result from infil- 
trating hematopoietic cells, some sections were 
costained with Ab's against CD45, an antigen com- 
mon to all nucleated hematopoietic cells (18). The 
iacZ-posmve cells in Figure 4g were not positive for 
VD45 (Figure 4i), although the CD45 Ab brightly 
stained spleen sections under the same conditions 
i Figure 4j). Only rarely were other lacZ-positive spots 
positive for CD 45 (not shown). 

LacZ-positive myocytes appeared primarily at the 
edge of the myocardial scar, corresponding to the 
region described as being tl at risk" (15). This is shown 
in Figure 5, where lacZ-positive myocytes can be seen in 
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a 4- week myocardial infarction. 
In this section, a macrophage can 
also be seen in the scar by costain- 
mg (Figure 5b. open arrowhead), 
but the lacZ-positive cells (closed 
arrowhead) do not stain. At 4 
weeks, the macrophages have 
returned t o a relatively low densi- 
ty; thus, the lacZ staining seen in 
t he myocyte is not explained by 
adhesive macrophages. Figure 5d 
is included as a positive control 
to demonstrate, using the same 
mAb, the macrophage density of 
a frozen section of a mouse heart 
after 1 hour of occlusion and 3 
hours o f i e p e r f us i o n . 

Table 1 shows the prevalence 
of lacZ-positive cells or struc- 
tures m cardiac tissues from dif- 
ferent mice. A total of four mice 
were examined m this experi- 
ment, three at 2 weeks alter 
injury and one (the only surviv- 
ing animal) at 4 weeks. Sections 





(100) trom each animal were analv/ed. and each pos- 
itive Mte ot lac/ .staining was counted Anv staining 
pattern - a single blue cell, a cluster of blue cells, or 
an area of diffuse lacZ .staining - w as considered to 
represent one event ot lacZ posit lvity or SP cell 
engi at t ment The number of positiv e ev ents ranged 



Table 1 

Prevalence of lacZ-positive ceils and structures m cardiac tissues 



Ischemic 
mouse 

Sham 
No. 1 

No. 5 
No. 6 
No. 10 



Week of 
testing 

4th 
2nd 
2nd 
2nd 
4th 



LacZ + myofibers % cardiomyocyie LacZ' vessels Mean % endothelial 
per 1 00 sections engraftment ( number per total) cell engraftment 

0 

24;-; 

55 



'3d 
45 



Mi;. in 



0 02 
0 01 
0 06 
■■ 0 0 1 
o 02 



0 

36/ 1100 
1 1/6H0 
39/ 114 5 
1 7/ il > 



V3 • 1 9 
1.8 * l 8 
'.7 i 2 5 
S.4 : 0 9 

Mean 3 3".. 



Animals were rendered ischemic bv o >ronarv artery ligation Myofibers w en- counted as a singk- Iac2 pos- 
itive structure, whether there was one Hue cell, a cluster of blue cells, or a '.ingle large fiber stained through- 
out. The percentage of engraft mem ,.>f car. jiomyocvies based on an est >m ate of 1 3 .000 m>ot vt-.-s per 
section (12,929 ± 168 SD). Tins nunber was attained by photographing the total section o*' tru- mouse 
heart at the midventncular section used f. >r all studies On average, the sections contained 10.69 mm 2 
left-ventricular area; all sections vo.-rr e<ammed with little variance. Nuclei were counted m each section. 
The number o 1 '* cardiac nuclei varie d from 12 to 1,300, mm-' The average number of card iai. nuclei was 
taken as a reasonable estimate ot 'lu- amount of" cardiac myocytes visible within t-ach section, Th<- per- 
centage of engraftment is bas( d on ^>untmg 100 random ■. actions of hran and therefore represents the 
engraftment for the entire cross-S' .. non, not |u i .t the area at risk . Since the pen-m'arct region had a much 
higher prevalence of lacZ cardioriy-'Cvres. the engraftment m the area at nst i c ptobabl) larger, but the 
uncertainty of defining the area at nsL on iih1ivk1lj.iI sections precluded a si. parate Count. '1 he vessels were 
quantified by determining the number of Lk Z-pos'iive \essd profiles (Iac2* posit ivc vessel structure*, that 
were also costained with an Ab a-.Mmst Fit 1 ) per total vessels ( Fir- 1 positive) in thr section as observed 
under the microscope. The m-san pit ."enrage ot lacZ positn e vessels is teased c>" r«amination of H)0 or 
more vessels of various sizes from : 1 sections fn..m mouse number 1, si- from mouse 5, ten from mouse 
6, and three from mouse 10. \ easels counted as positive had one or more endothelial cell that was 
lacZ positive and Fit - T positive. 
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from 45 to 730 per 100 sections. Since each section 
contained approximately 13,000 cardiomyoeytes, this 
represents a mean engraftment prevalence of around 
0.02% of all card io myocytes. 

To determine incorporation of SP cells into endothe- 
lial cells, approximately 100 vessel profiles were ana- 
lyzed per tissue section. Three to 1 1 tissue sections were 
counted per animal. As in the cardiac tissue, a single ves- 
sel was scored as positive whether one or multiple 
endothelial cells per vessel profile was stained. The 
mean prevalence of lacZ- positive vessels was approxi- 
mately 3V This lewd of incorporation is somewhat 
lower than what has been reported for the engraftment 
of circulating endothelial-cell progenitors derived from 
whole blood (7). This is not surprising, considering that 
SP cells are m ulnpotent and give rise to many cell types 
other than vascular endothelium. As expected, engraft- 
ment of the SP cells was predominant!}' into newlv 
formed capillaries, in the "at-risk" tissue adjacent to the 
mfarcted zone, Fngraftment of SP cells into larger ves- 
sel structures was less frequent and to a lesser extent. 

Discussion 

Myocardial infarction is a leading cause ot heart failure 
and death in developed countries. Although postin- 
fa rc tion s u rvi va 1 ra t es h ave i m p rove d i n rece n t ye a rs , 
reduced heart function due to excessive loss of car- 
diomyoeytes remains a major problem. The lack of res- 
ident stem cells in the heart has led to an intensive 
search for alternative sources of cardiomyocyte pro- 
genitors. Embryonal stem cells have been shown to dif- 
ferentiate into cardiomyoeytes that can form stable 
intracardiac grafts (19). Skeletal myoblasts or car- 
diomyoeytes from fetal or neonatal mice have also been 
shown to rake up residence in cardiac tissue after injury 
(20, 21). Although demonstrating the potential of cel- 
lular engraftment as a means to augment the number 
of myocytes in cardiac muscle, these previous studies 
have not identified a progenitor population readily 
accessible from an adult patient's own tissue that can 
be adapted to clinical therapy. 

Here we have assessed the ability of purified stem 
cells derived from adult mouse bone marrow to partic- 
ipate in cardiac muscle regeneration following the 
induction of ischemia by coronary artery occlusion and 
reperfusion. These stem cells are a highly enriched stem 
cell population that can be reproducibly isolated from 
adult tissues. When transplanted into the bone marrow 
of lethally irradiated mice, purified SP cells marked 
with the lacZ gene regenerated the hematopoietic sys- 
tem. At 2 or 4 weeks after coronary artery ligation, lacZ- 
positive cells had migrated into cardiac myofibers, 
where they participated in the regeneration of healthy 
muscle. This level of myocardial engraftment, 0.02% of 
all cardiomyoeytes, was similar to that seen with use of 
whole bone marrow or purified stem cells to regenerate 
skeletal muscle (2, 12). Importantly, there was no evi- 
dence of SP cell migration into the hearts of sham- 
operated animals. Finally, the presence of laeZ-positive 




hematopoietic cells in the cardiac tissue (measured 
with ALVs against CD45 and macrophages) was not a 
problem in this study, as shown in Figure 5. This is con- 
sistent with previous observations that the major 
inflammatory response is observed immediately after 
infarction and has largely resolved by 2 to 4 weeks (22). 

We also found that lacZ- positive cells could partici- 
pate in neovascularization in regenerating heart tissue. 
Many small vessels, comprising one to three endothe- 
lial cells (cell number determined by 4',6-diamidine-2- 
phenylmdole dihydrochloride [DAPI] staining), clearly 
expressed the marker gene. Some large- or medium- 
sized vessels also appeared to have incorporated 
marked cells, although such structures consisted pri- 
marily of host cells. The overall level of ncovascular 
engraftment was approximately 3%. This is lower than 
the engraftment of more differentiated endothelial cell 
progenitors derived from whole blood (7). The majori- 
ty of engraftment also appeared to be adjacent to the 
region of infarct. We did not attempt to determine 
whether these vessel structures were arterioles, venules, 
or lymphatic vessels. 

We present evidence here that bone marrow 
hematopoietic stem cells, purified as SP cells, have 
transdiffercntiatcd and engrafted into myocardium 
and endothelial cells. However, future studies can 
extend and confirm these conclusions using addition- 
al criteria. First, we cannot exclude the possibility that 
small numbers of contaminating nonhematopoietic 
stem cells are responsible for the cardiac and endothe- 
lial cell engraftment. Such contaminants could arise 
from imperfect cell sorting or could even be due to 
stem cells copu rifled by our SP isolation procedure. 
Clonal studies will be essential to rule out the possibil- 
ity that multiple stem cell populations are present 
within the donor cell population. Second, current stud- 
ies in the field are limited by the use of markers that are 
present ubiquitously in donor cells, such as lacZ, green 
fluorescent protein (GFP), or Y chromosome fluores- 
cence in situ hybridization (FISH) (12, 23). While one 
could argue about differences in sensitivity and speci- 
ficity of these marker systems, each will identify any 
donor cell, not just one that has differentiated into the 
cell type of interest. This necessitates the use of sec- 
ondary criteria, such as morphology and colocalization 
with specific markers, to establish cell identity. Perhaps 
more definitive will be using donor cells that express a 
nuclear-localized marker gene under the control of a 
cell type-specific promoter. In this case, donor cells will 
not express the marker until they differentiate into the 
cell type of interest (2). Although such studies should 
generate less disputable data, they are also flawed in 
that expression of any one gene, at any given time, is 
not a reliable indicator of a distinct phenotype. Hence, 
determining donor cell localization into complex tis- 
sues in this manner will still require colocalization with 
other markers, as well. 

Our detection of angioblast markers on purified SP 
cells may bear on the developmental fate of these stem 
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cells. Before transplantation took place, we observed 
no expression of genes indicative of a mature, differ- 
entiated endothelial cell phenotype in SP cells. Instead, 
our analyses revealed, as expected, expression ol genes 
reported to be activated in a common progenitor ot 
both hematopoietic cells and endothelial cells, name- 
ly PHCAM-l (24) and Tab 1 (25-27). Surprisingly, other 
gene. 1 ; thought to be specifically reflective ot an embry- 
onic endothelial cell progenitor, such as tyrosine 
kinase receptors blk-l and blt-1 (28), were not 
expressed m SP cells; however, expression ol their hg- 
and VEGF-A was detected. 

Perhaps expression of VBGF-A in the endogenous 
populat ion of SP cells plays a role in "directing" t hese 
multipotent cells to the surface of mature endothelial 
cells expressing VHGF receptors in adult tissues when 
needed. Such a role for VRGF-A, via Hk- 1 -receptor sig- 
naling, has been described for angioblast migration 
during embryonic vascular development (29), sup- 
porting a role ot VEGP-reeeptor binding in directing 
the positioning, as well as differentiation, of multipo- 
icnt progenitors. Alternatively, it is also possible that 
VEGF-A expression by multipotent stem cells mav 
serve a unique functional role m the stem cell microen- 
vironment, independent of its well-documented effects 
on endothelial cell behavior (30). perhaps in the main- 
tenance of a "progenitor" state 

In addition to expressing VEGF-A, the bone marrow 
SP cells also expressed UNA for Ang- 1 and its receptor, 
Tie-2. Ang-1 and Tie-2 are thought to be involved in an 
important paracnne-signalmg pathway needed for the 
recruitment, or maintenance, of smooth muscle cells 
and pericytes to stabilize newly forming endothelial 
t ubes (31). Embryos lacking either Ang-1 (31) or Tie-2 
( 1 6) die at embryonic day 1 1.5 and 10.5, respectively, 
with severe vascular malformations and hemorrhage. 
The role of Ang-1 and Tie-2 in the SP cells is uncertain. 
Since SP cells express the ligand, as well as the receptor, 
both autocrine and paracrine regulatory pathways can 
be envisioned. In a paracrine manner, perhaps Ang-1 or 
Tie-2 bind to their respective partner in the bone mar- 
row stroma to modulate cell survival or responses to 
other soluble factors in the m i croc nviron men t, as has 
been proposed for mature endothelial cells (32). Cer- 
tainly, much remains to be determined regarding the 
role of factors such as Ang-1 and VEGF-A in the mod- 
ulation of SP survival, growth control, and interactions 
with the surrounding micro environment. 

Although endothelial cells and hematopoietic cells 
are thought to be related developmentally, possibly 
originating from a common hemangioblast precursor 
(33), evidence for such a cell in the adult is lacking. We 
suggest that the SP cells are bona fide hematopoietic 
stem cells with the capacity for endothelial or car- 
diomyocytic differentiation under circumstances of 
acute injury. Our findings underscore the develop- 
mental versatility of adult hematopoietic stem cells and 
suggest that their functional role is ultimately deter- 
mined by their migration into particular microenvi- 



ronments, such as myocardium, and their exposure to 
locally generated signals at those sites. 

What cell type participates in myocardial regenera- 
tion? In our experiment, the puntied stem cells stably 
engrafted into the bone marrow of recipient mice. The 
presence of lacZ-marked cells in damaged cardiac tis- 
sue could reflect direct incorporation of migrating SP 
cells or their progeny. Since the surface phenorypes of 
lac/'- positive cells that had integrated into cardiac tis- 
sues were those of differentiated myocytes and 
endothelial cells, we are unable to deduce the exact 
identity of the cells that first migrated into the heart 

The incorporation of bone marrow-derived SP cells 
into both regenerating endothelial cells and car- 
diomyocytes stiggests that circulating stem cells may 
naturally contribute to repair of these tissues. The lack 
of sensitive markers and similar experimental design 
has likely impeded previous observation. Although the 
contribution of our stem cells to cardiac regeneration 
was low improvements in efficiency that can be 
achieved through a better understanding of the 
process promise to offer new therapeutic avenues in 
the long term. 
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I. Basis of the report 

1 This report has been drawn on the basis ot {substitute sheets which have been furnished to the receiving Office in 
response to an invitation under Article 14 are referred to in this report as originally filed" and are not annexed to 
the report since they do not contain amendments ) : 

Description, pages: 

1 -88 as originally tiled 

Claims, No.: 

1 -30 as originally filed 

Drawings, sheets: 

1/13-13/13 as originally filed 



2. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 

□ the drawings, sheets: 

3. □ This report has been established as if (some of) the amendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 



4. Additional observations, if necessary: 
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Section V: 

1 . Reference is made to the following documents: 
D1 = WO 96/28541 

D2 = Annals of Thoracic Surgery, 1995, Vol. 60/1, pages 12-18 
D3 = WO 92/15323* 

*This document was not cited in the international search report. A copy of the 
document is appended hereto: 



2. The present application does not meet the requirements of Article 33(2) PCT, 
because the subject matter of claim 20 does not appear to be novel vis-a-vis 
document D1. 

Independent claims 20 relates to a therapeutic composition comprising myogenic 
precursor cells and a morphogen. 

However, a composition comprising myogenic precursor cells and a morphogen 
has already been disclosed in document D1 on page 3 '...donor mouse myoblasts 
were grown in culture with muscular growth or trophic factors, particularly, bFGF, 
before transplanting them...'. 

Therefore, claim 20 does not appear to be novel. 

2.1 The subject-matter of claims 1-19 and 21-30 is novel because the treatment of 
myogenic precursor cells with morphogens, inducer of morphogens, agonists of 
morphogens, or small molecule morphogenic activators to promote the 
proliferation or differentiation into functional myocardium has not been disclosed in 
the prior art. 



INTERNATIONAL PRELIMINARY International application No PCT/US97/2361 1 
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3. The present application does not meet the requirements of Article 33(3) PCT, 

because the subject matter of claims 1-30 does not appear to involve an inventive 
step vis-a-vis documents D2-D3. 

Independent claims 1-4 relate, in essence, to the method for treating loss or 
damage of myocardium by implantation of myogenic precursor cells treated with a 
morphogen (claim 1), an inducer of morphogen (claim 2), an agonist of 
morphogen (claim 4), or a small molecule morphogenic activator (claim 4). 

Independent claims 20-23 relate, in essence, to a therapeutic composition 
comprising myogenic precursor cells and a morphogen (claim 20), an inducer of 
morphogen (claim 21), an agonist of morphogen (claim 22), or a small molecule 
morphogenic activator (claim 23), to promote the proliferation or differentiation into 
functional myocardium. 

Independent claims 24-27 relate, in essence, to a method of culturing myogenic 
precursor cells by isolating them and treating them with a morphogen (claim 24), 
an inducer of morphogen (claim 25), an agonist of morphogen (claim 26), or a 
small molecule morphogenic activator (claim 27), to promote the proliferation or 
differentiation into functional myocardium, 

Independent claims 15, 28, 29, and 30 relate, in essence, to a method to promote 
the proliferation or differentiation of myogenic precursor cells into functional 
myocardium by treating them with a morphogen (claim 15 and 28), to the method 
of producing replacement cardiomyocytes by implanting the cells in claim 28 
(claim 29), and to a pharmaceutical composition comprising a morphogenic agent 
and a mitogen (claim 30). 

Document D1 describes the pretreatment of healthy donor's myoblast cultures 
with growth or trophic factors like bFGF on transplantation to subjects suffering of 
myopathy like muscular dystrophy. The recipient muscles showed a higher 
percentage of functional cells, demonstrated by the higher incidence of 
dystrophin-positive fibres. 
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Document D2, which represents the closest prior art, demonstrates that skeletal 
muscle satellite cells implanted into injured myocardium can differentiate ('milieu- 
influenced differentiation 1 ) into cardiac muscle fibres and thus repair damaged 
heart muscle (abstract). 

It further describes that the cardiac environment is rich with growth factors such as 
bFGF, p-TGF, etc. and that these factors influence the growth and differentiation 
process of skeletal myoblasts in vitro. Further, P-TGF can change the phenotypic 
appearance and promote the acquisition of muscle-specific properties of cardiac 
fibroblasts (page 17). 

Document D3 describes morphogens such as Vgr-1 (a structurally related protein 
of the p-TGF family) and others such as OP-1, OP-2, Vgl, etc. (pages 14-16), and 
their role in the regulation of cell growth and differentiation (page 3). It further 
describes the role of morphogens on the proliferation and differentiation in a 
tissue-specific manner and the induction of the progression of events that 
culminate in new tissue formation (page 6). 

The skilled man starting from document D2 faced with the technical problem-the 
provision of improved cells capable of developing into functional myocardium- 
would combine the teachings from D2-first part (the ability of skeletal muscle 
satellite cells to develop into functional myocardium) with those from D3/D2- 
second part (the role of morphogens for the tissue-specific development/that p- 
TGF promotes the acquisition of muscle-specific properties of cardiac fibroblasts ) 
and thereby arrive at the claimed invention (the treatment of myogenic precursor 
cells with the claimed morphogens or inducers, or activators thereof, which are a 
subgroup of the p-TGF superfamily as explained on page 4). 
This argument holds especially in light of document D1, in which myoblasts have 
been treated with 'morphogens' for the development of more functional muscle 
cells. 

Therefore, claims 1-4, 15, and 20-30 do not appear to be inventive vis-a-vis 
documents D2-D3. 

Dependent claims 5-14 and 16-19 seem to contain only additional technical 
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features common to the art and appear also, therefore, not to be inventive. 

4. For the assessment of the present claims 1-19 and 29 on the question whether 
they are industrially applicable, no unified criteria exist in the PCT. The 
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WO 98/06420 PCT/US97/14229 

BONE MORPHOGENETIC PROTEIN AND FIBROBLAST GROWTH FACTOR COMPOSITIONS 
AND METHODS FOR THE INDUCTION OF CARDIOGENESIS 

Field of the Invention 

The field of the present invention is a therapeutic 
composition that may be capable of inducing cardiogenesis 
in non-cardiac tissue. Specifically, the field of the 
5 present invention is a reagent comprising a transforming 
growth factor-/? protein and a fibroblast growth factor 
protein . 

Background of the Invention 

Dr. John Lough's laboratory has shown that the 
10 anterior lateral plate endoderm cells from the heart 
forming region (HFR) of stage S chicken embryos is 
specific in its ability to induce cardiogenesis in 
explanted precardiac mesoderm, a process highlighted by 
the formation of a multilayered vesicle of rhythmically 
15 contractile cells that express sarcomeric a-actin (Sugi, 
Y. and Lough, J. , Dev. Dvn. 200:155-162, 1994). Sugi and 
Lough recently reported that endoderm-associated factors, 
including members of the fibroblast growth factor (FGFs 
1, 2 and 4) and the transforming growth factor-beta (TGF- 
20 /?) families (activin A) , can mimic the cardiogenic 

effects of HFR endoderm on precardiac mesoderm (Sugi, Y. 
and Lough, J., Dev. Biol. 169:567-574, 1995). 

The art now lacks a composition capable of inducing 
cardiogenesis in non-cardiac tissue. 

2 5 Disclosure of the Invention 

The present invention is a cardiogenic composition 
comprising a purified mixture of a transforming growth 
factor-/? protein and fibroblast growth factor. 
Specifically, the transforming growth factor-/? protein is 
30 from the group consisting of bone morphogenet ic proteins 
(BMPs) : BMP-2, BMP-3, BMP-4, BMP-5, BMP-6, BMP-7, BMP-8, 
BMP-9, BMP-10, BMP-11, 3MP-12, BMP-13, and BMP-15. Most 
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preferably, the transforming growth factor - (3 protein is 
BMP -2 . 

Preferably, the fibroblast growth factor (FGF) is 
selected from the group consisting of FGFs 1-15. Most 
5 preferably, the fibroblast growth factor is either FGF -4 
or FGF- 2 . 

In another embodiment, the present invention is a 
method for inducing cardiogenesis in cells of a non- 
cardiac lineage comprising the steps of exposing cells to 

10 a purified mixture of bone morphogenet ic protein-2 and a 
fibroblast growth factor ( FGF - 2 or FGF -4 ) and observing 
the development of rhythmical contractile cells 
expressing sarcomeric a-actin. The exposure may be 
either in vitro or in vivo. 

15 In one embodiment of the present invention, the 

protein mixture is applied exogenously to the cells in 
vitro. In another embodiment of the present invention, 
the cells are transformed with genetic constructs 
encoding bone morphogenet ic protein and fibroblast growth 

20 factor. The genetic constructs are then allowed to 
express the cardiogenic proteins. 

It is an important feature of the present invention 
that cardiac cells can be induced from non-cardiac 
tissue . 

25 Other objects, features and advantages of the 

present invention will become apparent after examination 
of the specification, drawing and claims. 

Brief Description of the Drawings 

Fig. 1A and B describe the incidence of 
30 cardiogenesis in non-precardiac mesoderm cells treated 

with BMP-2 and FGF -4 . Fig. 1A diagrams the heart- forming 
region (pre-cardiac tissue) and the non-precardiac tissue 
region of a stage 6 avian embryo. Fig. IB is a graph of 
percent contractile explants that are obtained, versus 
35 treatment with FGF -4 , BMP-2, or FGF- 4 and BMP-2 combined. 
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Best Modes for Carrying out the Invention 



The present invention is a composition and method 
for the induction of cardiogenesis in non-precardiac 
tissue^ preferably human tissue. By "cardiogenesis" we 
5 mean the development of rhythmically and synchronously 
contractile cells that express sarcomeric a-actin from 
cells that are not part of the cardiac lineage. 
Preferably, a cell can be identified as a cardiac cell by 
visual observation via microscopy. The Examples below 
10 demonstrate that a monoclonal antibody that recognizes 

sarcomeric a-actin can confirm that cells are expressing 
a-actin . 

By "non-precardiac tissue," we mean tissue that is 
not part of the cardiac lineage. For example, the 

15 following tissues are non-precardiac: fibroblasts, which 
make connective tissue, and cells that will become other 
mesoderm derivatives, such as skeletal muscle. 

In one embodiment, the composition comprises a 
member of the bone morphogenet ic protein subfamily of the 

20 transforming growth factor-/? (TGF-j3) family and a 

fibroblast growth factor (FGF) . Preferably, the reagent 
comprises a mixture of bone morphogenet ic protein-2 (BMP- 
2) and FGF- 4 . 

The composition comprises a "purified" mixture of 

25 proteins. By "purified" we mean that the proteins in 
question has been purified from native or recombinant 
bacterial sources. For example, a crude cell extract is 
"purified" as is a combination of proteins that have been 
individually purified to almost 100% homogeneity. 

30 The experiments described below in the Example 

section demonstrate that combined BMP-2 and FGF-4 , but 
neither factor alone, induce cardiogenesis in non- 
precardiac avian embryonic mesoderm. We envision that 
this combination of protein molecules, and perhaps other 

35 combinations of TGF-0 and FGF family members, will induce 
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cardiogenesis in other non-precardiac tissues, such as 
human non-cardiac tissue. 

A typical source for BMP-2 is bone or recombinant 
human BMP-2 that is expressed in bacteria. 
5 In addition to or in place of BMP-2, the 

compositions of the present invention may comprise one or 
more other proteins which are members of the TGF-/3 
superfamily of proteins, particularly those which 
maintain the highly conserved 7-cysteine structure which 

10 is characteristic of the bone morphogenet ic protein 

subfamily which includes 3MP-2. Thus, the compositions 
of the present invention may include therapeutically 
useful agents such as the BMP proteins BMP-3, BMP-4, BMP- 
5, BMP-6, and BMP-7, disclosed, for instance, m United 

15 States Patents 5,013,649; 5,116,738; 5,106,748; 

5,187,076; and 5,141,905; BMP-8, disclosed in PCT 
publication WO 91/18098; and BMP-9, disclosed in PCT 
publication WO 93/00432; BMP-10, disclosed in PCT 
application WO 94/26893; BMP-11, disclosed in PCT 

20 application WO 94/26892; BMP-12 or BMP-13, disclosed in 
PCT application WO 95/16035; or BMP-15, disclosed in co- 
pending patent application, Serial No. 08/446,924, filed 
on May 18, 1995. 

Other compositions which may also be useful include 

25 Vgr-2, described in Jones, et al . , Mol . Endocrinol . 
6:1961-1968 (1992), and any of the growth and 
differentiation factors GDFs, including those described 
in PCT applications WO 94/15965; WO 94/15949; WO 
95/01801; WO 95/01802; WO 94/21681; WO 94/15966; and 

30 others. 

Also useful in the present invention may be BIP, 
disclosed in WO 94/01557; and MP52, disclosed in PCT 
application WO 93/16099. 

A preferred source for FGF-4 is from recombinant 
3 5 bacteria that express the human protein. 

In addition to or in place of FGF-4, which is also 
known as k-FGF and is described in United States patent 
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5,430,019, the compositions of the present invention may 
comprise one or more other proteins which are members of 
the FGF family of proteins, such as basic FGF (FGF-2) , 
acidic FGF (FGF-1) , and other FGFs which are also 
5 described in U.S. patent 5,430,019. The disclosures of 
all of the above- identified applications, patents and 
articles are hereby incorporated by reference. 
Preferably, the fibroblast growth factor is selected from 
the group consisting of FGFs 1-15. Most preferably, 

10 the FGF is either FGF-2 or FGF- 4 . 

The compositions of the invention may comprise, in 
addition to a TGF-/3 protein and an FGF protein, other 
therapeutically useful agents, including growth factors 
such as epidermal growth factor (EGF) , transforming 

15 growth factor (TGF-a and TGF-/3) , activins, mhibms, and 
insulin-like growth factor (IGF) . 

If one wished to determine whether a composition was 
suitable for the present invention, one could evaluate a 
test compound by the method described below to evaluate 

20 avian non-precardiac mesoderm. A suitable compound of 

the present invention would induce cardiogenesis in test 
avian non-precardiac mesoderm cells to a degree of at 
least 50% of that demonstrated below. 

The compositions of the present invention may also 

2 5 include an appropriate matrix. For instance, one might 

desire a matrix for supporting the composition and 
providing a surface for growth of cardiomyocytes and/or 
other tissue growth. The matrix may provide slow release 
of the protein and/or the appropriate environment for 

3 0 presentation thereof and an appropriate environment for 

cellular infiltration. Such matrices may be formed of 
materials presently in use for other implanted medical 
applications . 

The choice of matrix material is based on 
35 biocompatibility , biodegradability , mechanical 

properties, cosmetic appearance and interface properties. 
The particular application of the compositions will 
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define the appropriate formulation. Potential matrices 
for the compositions may be biodegradable and chemically 
defined polymers, such as polymers of polylactic acid, 
polyglycolic polyorthoesters and polyanhydrides . Other 
5 potential materials are biodegradable and biologically 
well defined; such as collagen. Further matrices 
comprise pure proteins or extracellular matrix 
components- Other potential matrices are 

nonbiodegradable and chemically defined, such as sintered 

10 hydroxyapatite , bioglass, alummates, or other ceramics. 
Matrices may comprise combinations of any of the above 
mentioned materials and other suitable types of material 
and may be altered in composition and processing to alter 
pore size, particle size, particle shape, and 

1 5 biodegradabil ity . 

Preferably, the bone morphogenet ic protein and the 
fibroblast growth factor protein will be mixed in a 1 : 1 
molar ratio. By "1:1" we mean a variation of at least 
20% is still permissible. However, other ratios may 

20 result in cardiogenesis and may also be suitable. 

The dosage regimen will be determined by the 
attending physician considering various factors which 
modify the action of the protein composition, e.g. amount 
of tissue desired to be formed, the site of tissue 

25 damage, the condition of the damaged tissue, the size of 
a wound, type of damaged tissue, the patient's age, sex, 
and diet, the severity of any infection, time of 
administration and other clinical factors. The dosage 
may vary with the type of matrix used in the 

30 reconstitut ion and the types of proteins in the 

composition. The addition of other known growth factors, 
such as IGF I (insulin like growth factor I) , to the 
final composition, may also affect the dosage. 

Potential uses of the compositions of the present 

35 compositions include use of the composition to treat 
patients with cardiac tissue damage or stress. The 
composition may be used as an adjunct to surgical 



WO 98/06420 PCT/US97/ 14229 _ 

procedures in which the composition may be applied 
directly to damaged or stressed tissue. In this 
embodiment, the composition may be used by itself or in 
conjunction with cultured cells which are capable of 
5 differentiation into cells of cardio- or cardiomyocyte 
lineage. Among the cells which may be useful in such an 
embodiment are cultured cardio- or cardiomyocyt es , 
precursor cells to cardio- ■. r cardiomyocyte lineage, 
fibroblasts, embryonic mesodermal cells, or earlier 

10 embryonic stem cells which are capable of differentiating 
into mesoderm. 

Alternatively, the composition may be used to treat 
cells, whether autologous or heterologous, to promote the 
growth, proliferation, differentiation and/or maintenance 

15 of cells of a cardio- or cardiomyocyte lineage. The 

cells thus treated may then be applied to the damaged or 
stressed tissue, either alone or in conjunction with the 
protein composition of the present invention. 

In another embodiment/ DMA sequences encoding the 

20 proteins of the present compositions may be transfected 
into cells, rendering the cells capable of producing the 
BMP and FGF proteins. The transfected cells, which are 
capable of producing the BMP and FGF proteins, may then 
be implanted at the site of damaged or stressed tissue. 

25 An appropriate matrix may be used with any of the 

above embodiments in order to maintain the composition 
and/or cells at the site of damaged or stressed tissue. 
Alternatively, an injectable formulation of the 
composition may be used for administration of the 

30 compositions of protein and/or cells. The above may also 
be used for prophylactic measure in order to prevent or 
reduce damage or stress to tissue. 
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Examples 

1 . In General 

Because immunostaining to detect additional TGF - (3 
family growth factors in HFR endoderm revealed a 
5 provocative expression pattern for Drosophila 

decapentaplegic (dpp) -like proteins, we performed a 
degenerate reverse transcript ion/polymerase chain 
reaction (RT/PCR) screen to identify vertebrate dpp-like 
factors that are expressed by these cells. /\mong more 
10 than 50 PGR products sequenced to date, over half are 
identical to bone morphogenet ic factor-2 (BMP-2). 

We then investigated whether BMP-2 mimics the 
cardiogenic effects of HFR endoderm on precardiac 
mesoderm, as well as its ability to re-specify non- 
15 precardiac mesoderm to the cardiac lineage. We report 

here that, when present as the only supplement in defined 
medium, BMP-2 cannot support viability of either 
precardiac or non-precardiac mesoderm. Although FGF-4 
can support cardiogenesis in precardiac mesoderm, this 
20 factor did not induce cardiogenesis in non-precardiac 
mesoderm, although explant growth was maintained. 
Remarkably, however, treatment of non-precardiac mesoderm 
with combined FGF-4 and BMP-2 induced cardiogenesis in a 
high incidence of explants, indicating that this 
25 combination of growth factors is able to re-specify 
embryonic cells to the cardiac lineage. 

2 . Materials and Methods 

Explantatlon and Culture of Embryonic Mesoderm: 

Chicken embryos were staged according to the 
30 criteria of Hamburger and Hamilton (Hamburger, V. and H. 
L . Hamilton, J . Morphol . 38:49-92, 1951). Anterior 
lateral plate precardiac mesoderm, and non-precardiac 
mesoderm from the posterior half of stage 6 embryos, was 
micro-dissected, explanted to Lab-Tek chamber slides and 
35 cultured in M199 as previously described (Sugi, Y. and J. 
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Lough, supra , 1994; Sugi, Y. and J. Lough, supra , 1995). 
Growth factors were added to the indicated final 
concentrations after explants attached to the fibronectin 
substrate. Human recombinant FGF-4 was purchased from 
5 R&D Systems. Human recombinant BMP -2 was provided by the 
Genetics Institute (Cambridge, MA) . Medium, including 
growth factors, was changed daily. 
Immunohistochemistry: 

Biochemical differentiation was monitored by 

10 immunohistochemistry, using a monoclonal antibody that 
recognizes sarcomeric a-actin (Sigma, Cat. No. A-2172); 
the secondary antibody was fluorescent isothiocyanate 
(FITC) -labeled goat anti-mouse IgM (Cappel). 
Decapentaplegic- 1 ike protein was localized using a 

15 polyclonal antibody (1:1,000) provided by Dr. F. Michael 
Hoffmann (University of Wisconsin; Panganiban, G.E.F., et 
al . , Mol . Cell . Biol . 10:2669-2677, 1990) that recognizes 
Drosophila decapentaplegic . Controls consisted of 
identically diluted normal rabbit serum which was used as 

20 the primary antibody, and omission of the primary 

antibody. The secondary antibody was FITC-conjugated 
goat anti-rabbit IgG (1:500). All immunohistochemical 
procedures, including determinations of 5'- 
bromodeoxyuridine incorporation, have been previously 

25 described (Sugi, Y. and J. Lough, supra , 1995) . 

Reverse Transcription -Polymerase Chain Reaction (RT/PCR) : 

RNA from microdissected stage 6 HFR endoderm was 
purified, with 5 fig linear polyacrylamide as carrier, 
using RNAstat (Tel-Test, Inc.). Complementary DNA was 

30 synthesized by M-MLV reverse transcriptase-mediated 

extension of oligo-dT-pnmed RNA . To ensure the absence 
of contaminating genomic DNA, non- reverse transcribed RNA 
was simultaneously processed. Degenerate primers were 
designed to recognize conserved domains in the TGF-0 dpp 

35 subfamily. The upstream primer was 5'- 

TGGAATTCGGITGGVAIGAYTGGAT- 3 ' (96 -fold degenerate) (SEQ ID 
NO:l); the reverse complement of the downstream target 
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was 5 ' -GAGGATCCGGIACRCARCAIGCYTT- 3 ' (128-fold degenerate) 
(SEQ ID NO: 2) . 

Complementary DNAs were amplified using Thermus 
aquaticus (Tag) DNA polymerase (Promega) with 40 cycles 
5 of denaturation (94°C, 1 minute) , primer annealing (45°C, 
1.5 minutes) and extension (72°C, 2 minutes). 
Complementary DNAs in the predicted 200 bp product were 
cloned into pCRScript (Stratagene) . Identity of cloned 
inserts was determined by sequencing and comparison with 
10 the GenBank/EMBO database. 



3 . Results 

Immunohiatochemical Localization of DPP-Like Protein in 
HFR Endoderm: 

To ascertain whether Drosophila decapentaplegic 

15 (dpp) -like proteins were associated with HFR endoderm, 

the anti-dpp immunos tainmg pattern of cultured HFR 

endoderm was determined in comparison with explanted 

precardiac mesoderm. The periphery of HFR endoderm cells 

exhibited intense staining, which was not observed in 

20 precardiac mesoderm or in control explants stained with 

normal rabbit serum. 

RT/PCR Demonstration of BMP -2 in HFR Endoderm: 

Because dpp is 75% homologous with BMPs 2 and 4, it 
was considered that the antigens described above 

25 represented these factors or perhaps other members of the 
TGF-/3 dpp subgroup. To identify dpp mRNAs that are 
expressed by HFR endoderm, a RT/PCR screen was performed 
using degenerate primers targeted to conserved domains in 
this subgroup. A single 200 bp PCR product, which was 

30 the predicted size for dpp cDNAs , was cloned "and 

sequenced to identify individual dpp- like factors that 
are expressed by HFR endoderm. Among approximately 50 
cDNAs sequenced to date, more than half were identical to 
BMP-2 over a 162 base stretch corresponding to 

35 nucleotides 800-962 of the chicken homologue (Francis, 
P.H. , et al . , Development 120:209-218, 19 94), a domain 
specified by the primers. No other known or novel member 
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of the dpp subgroup has been identified. Although the 
remaining, cloned cDNAs exhibited sequences that were 
similar to each other, these are not homologous to any 
database entries. These findings suggest that BMP-2 is 
5 the major member of the dpp group that is expressed by 
HFR endoderm. 

BMP-2 & FGF-4 Induce Cardiogenesis in Non- Precardiac 
Mesoderm : 

Based on these results, it was of interest to 

10 determine whether BMP-2, when present alone in defined 
medium, could emulate the cardiogenic effect of HFR 
endoderm on precardiac mesoderm. Unlike FGFs (Sugi, Y. 
and J. Lough, supra , 1995; Zhu, X., et al . , "Evidence for 
fibroblast growth factor 1 and 4 participation in 

15 paracrine and autocrine mechanisms that regulate 

embryonic heart development," submitted), BMP-2 supported 
neither survival nor differentiation of precardiac 
mesoderm. However, as anticipated, inclusion of FGF-4 
with BMP-2 triggered terminal cardiogenesis in precardiac 

20 mesoderm. 

Fig. 1A and B describe the incidence of 
cardiogenesis in non-precardiac mesoderm treated with 
BMP-2 and FGF-4. Non-precardiac mesoderm was explanted 
from the posterior half of stage 6 embryos and cultured 

25 in the presence of FGF-4 and/or BMP - 2 at the indicated 
concentrations. Whereas neither FGF-4 nor BMP-2 alone 
induced cardiogenic differentiation in any explant, the 
majority of explants treated with both growth factors 
exhibited cellular multi layering and rhythmic 

30 contractility within 1 or 2 days. Referring to Fig. IB, 
numbers in parentheses indicate experimental repetitions 
that were conducted during the aggregate of five 
experiments, each of which included approximately five 
replicate explants; the incidence of differentiation (40- 

35 60%) was similar within each experimental repetition. 

As diagramed in Fig. 1A, these determinations were 
performed on non-precardiac mesoderm explanted from the 
posterior region of stage 6 embryos. Cells in this area 
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are destined to become extraembryonic mesoderm and 
lateral plate mesoderm that is not cardiogenic (review: 
Nicolet, G. , Adv . Morphogenesis 9:231-262, 1971). As 
shown in Fig. IB, neither FGF-4 nor BMP-2 alone could 
5 induce formation of contractile explants in non- 

precardiac mesoderm. Cells cultured with BMP-2 alone 
detached from the culture dish and did not survive; and, 
although treatment with FGF-4 alone supported cellular 
proliferation as evidenced by 5' -bromodeoxyuridme 

10 incorporation, differentiation was never observed. 

Remarkably however, the combined presence of FGF-4 and 
BMP- 2 caused cardiogenic differentiation in over half of 
the non-precardiac mesoderm explants (Fig. IB), as 
indicated by formation of a multicellular vesicle which 

15 exhibited rhythmic contractility and sarcomeric a-actin 
differentiation. Because differentiation of non- 
precardiac mesoderm was not usually observed until the 
second day in vitro (Fig. IB), in contrast to precardiac 
mesoderm in which differentiation is observed on day one, 

20 the occurrence of a re-specif ication step in non- 
precardiac mesoderm explants i,s suggested. These 
findings indicate that these growth factors 
synergistically function to induce cardiogenesis in cells 
that are not fated to the cardiac lineage. 

25 4 . Discussion 

In addition to verifying our previous findings that 
HFR endoderm is specific in its ability to induce 
terminal differentiation (Sugi, Y. and J. Lough, supra , 
1994), Schultheiss, et al. ( Schultheiss , T.M., et al . , 

30 Development 121:4203-4214, 1995) also reported that HFR 
endoderm is capable of re-specifying embryonic cells to 
the cardiogenic lineage. Regarding the latter, our 
observation that HFR endoderm was unable to re-specify 
posterior non-precardiac mesoderm (Sugi, Y. and J. Lough, 

35 supra , 1994) apparently reflected inadequate local 

concentrations of endodermal factors, caused by placing 
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the explants at opposite sides of the culture dish rather 
than in contiguity. The findings reported herein that 
the combined activities of BMP-2 and FGF-4 , both of which 
are expressed in HFR endoderm, induce cardiogenesis in 
5 non-precardiac mesoderm are consistent with the ability 
of HFR endoderm to re-specify cells to the cardiogenic 
lineage . 

We previously determined that HFR endoderm expresses 
three members of the FGF family (FGFs 1, 2 and 4), each 

10 of which supports differentiation of precardiac mesoderm 
(Sugi, Y. and J . Lough, supra , 1995; Zhu, X., et al . , 
supra , in press, Developmental Dynamics) . Moreover, 
experiments utilizing sodium chlorate to specifically 
prevent binding of FGF to cognate receptors have 

15 indicated that FGF signaling is obligatory for endoderm- 
mediated cardiogenesis (unpublished observations) . 
However, because the major role of FGF is apparently to 
regulate precardiac mesoderm proliferation, cooperation 
with r, dif f erentiation" factors such as BMP-2 may be 

20 required to induce cardiac myocyte differentiation. In 
this interpretation, our observations that isolated 
precardiac mesoderm can differentiate in culture with FGF 
alone suggests that these cells had been signaled by BMP- 
2 prior to explantation from the embryo. Although 

25 cooperat ivity between activin and FGFs has been shown to 
regulate mesoderm induction (Cornell, R. and D. Kimelman, 
Development 120:453-462, 1994; LaBonne C. and M . Whitman, 
Development 120:463-472, 1994) in Xenopus, our 
preliminary findings indicate that activin cannot replace 

30 BMP-2 in supporting the differentiation of non-precardiac 
mesoderm. And, although FGF-4 and BMP-2 are expressed in 
the apical ectodermal ridge of the mouse limb bud to 
respectively stimulate and inhibit limb growth (Niswander 
L . and G.R. Martin, Nature 361:68-71, 1993), BMP-2's 

35 inhibitory effect on growth could be considered as a 

consequence of its dif f erent iat ive function. Finally, 
the possibility that the 3MPs have di ff erent iat ive 
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potency has recently been reported by Pourquie, et al . 
(1995) who demonstrated that BMP-4 specifies myotome 
cells to the skeletal myocyte lineage (Pourquie, O., e_t 
al., Cell 84:461-472, 1995). 



5 5 . Prophetic Results Of Animal Experiments 

It is anticipated that ongoing experiments using a 
rabbit model will reveal that the combination of bone 
morphogenet ic protein (BMP) and fibroblast growth factor 
(FGF) , as opposed to either factor alone, will 

10 significantly augment protection of the heart 

(cardioprotect ion) from an experimentally- induced 
transient episode of ischemia and reperfusion. 

Rationale: The rationale for these experiments is 
as follows. Basic fibroblast growth factor (bFGF; FGF -2 ) 

15 alone has been shown to increase functional recovery in 
isolated rats heart when given immediately prior to 
induction of ischemia and reperfusion (Padua, R.R., et 
al . , Mol . Cell Biochem. 14 3 : 12 9-13 5 , 1995). This 
cardioprotective effect was achieved using a dose of 10 

20 }ig FGF - 2 per rat heart, administered directly into the 

coronary vasculature. In dogs, moreover, FGF-2 treatment 
has recently been shown to reduce the size of myocardial 
infarctions, 7 days after reperfusion without hemodynamic 
effects or evidence of neovascularization; this 

25 cardioprotective effect was achieved when FGF-2 was given 
intracoronary at a dose of 10 fig per dog heart prior to 
reperfusion (Horrigan, M.C.G., et al. , Circulation 
94 : 1927-1933, 1996) . 

Osteogenic protein-1 (hOP-1) is a member of the TGF- 

30 (3 superfamily that is closely related to BMP. hOP-1 

given intravenously prior to reperfusion at a dose of 20 
jig/animal reduced reperfusion injury 24 hours later in an 
in vivo rat model of coronary artery ischemia and 
reperfusion (Lefer, A.M., et al. , Mol . Cell Cardiol . 

35 24 : 585-593 , 1992) . 
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FGF-4 + BMP-2: We recently discovered that combined 
FGF-4, or FGF-2, plus BMP-2 induces embryonic mesoderm 
cells that are not destined to the cardiogenic lineage to 
differentiate into a multilayered, synchronously 
5 contractile hollow vesicle that resembles a microscopic 
heart in vitro; treatment with FGF-4 (or FGF-2) alone, or 
BMP-2 alone, had not effect (Lough, J., et. al . , 
Developmental Biology 178:198-202, 1996) . From this 
result we predict that BMP functions in the embryo to 

10 recruit cells to the cardiogenic lineage, and that FGF is 
required to support these cells along the cardiac 
di f f erent lat ive pathway. Unlike the situation in the 
embryo, cells in the adult heart neither grow nor 
develop; as a result, damage suffered during insults such 

15 as myocardial infarction is frequently catastrophic. The 
reason (s) adult cardiac myocytes are unable to undergo 
growth and regeneration is unknown. It is our 
expectation that the unavailability of growth factors 
such as FGF and BMP in a functionally useful context is a 

20 major cause for the inability of cells in the adult heart 
to regenerate. 



Experimental Plan: General 

Regarding cardioprotection, we are unaware of any 
studies examining the role of BMP per se, either alone or 

25 in conjunction with other growth factors, in maintaining 
cardiac function or protecting the myocardium from the 
effect of ischemia and reperfusion, a situation that is 
encountered in patients undergoing elective ishemia, such 
as heat bypass surgery and angioplasty, and heart 

30 attacks. It is our expectation that, by combining BMP-2 
and FGF-2, the cardioprotective effect described above 
for FGF-2 alone will be augmented. Accordingly, we are 
determining the physiological advantage of treatment with 
combined growth factors on pre- ischemic aerobic cardiac 

35 function and post- ischemic recovery following ischemia, 
using a protocol which is routinely used in the 
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laboratory of one of the inventors, Dr. John Baker. The 
experimental model utilizes the isolated rabbit heart, 
which is subjected to one cycle of ischemia and 
reperfusion. Recovery of heart function from the 
5 ischemia/ reperfusion insult will be used as an endpoint 
to determine the effectiveness of the combined growth 
factor treatment- The basis of this cardioprotective 
effect will be determined at the cellular and molecular 
level in terms of whether renewed cardiac myocyte growth 
10 and differentiation occur, using techniques ( that are 
routine in Dr. Lough's laboratory. 



Experimental Plan: Specific 

Experiments will be performed in a random manner 
using four groups to determine whether BMP-2 

15 synergistically improves the cardioprotective effect of 
FGF-2 . The four experimental groups are as follows: 
Group 1, saline vehicle control (no growth factors) - 
I.V. route of administration 
Group 2, BMP-2 (80 pq/kq i.v.) alone 

20 Group 3, FGF-2 (40 ^q/kq i.v.) alone 

Group 4, BMP-2 (80 fiq/kq i.v.) in combination with FGF-2 
(40 {iq/kg i.v.) 

Dosages and intended routes of administration are 
based on published reports that have demonstrated 

25 cardioprotective effects of FGF and BMP-related growth 
factors (1-3) . Each group will consist of eight (8) 
immature rabbits, 7-10 days old; by this neonatal stage 
of development, the heart is fully functional, consisting 
of cardiac myocytes which have recently ceased their 

30 normal proliferation. For all groups, treatments will be 
initiated 24 hours prior to heart excision and study to 
allow time for these agents to exert a (presumptively) 
prophylactic effect on the heart. Twenty-four hours 
after treatment the aorta will be cannulated and 

35 perfusion of the isolated heart will be immediately 
commenced with bicarbonate buffer at 39°C in the 
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Langendorff mode at a constant pressure. Saline-filled 
latex balloons will be placed in the left and right 
ventricles for measurement of developed pressures. 
Hearts will be perfused for a 30 minute equilibration 
5 period during which time biventricular function and 

coronary flow rate will be recorded under steady-state 
conditions. Hearts will be subjected to a 30 minute 
period of global, no-flow ischemia at 39°C. After the 
ischemic period, heart function will again be measured 

10 under steady-state conditions. Thus, each heart serves 

as its own control. Recovery of cardiac function will be 
expressed as a percentage of its pre- ischemic value. The 
results will be evaluated by comparing pre-ischemic and 
post - ischemic function within the growth factor- treated 

15 groups (Groups 2-4) with recovery in the control group 
(Group l) . 



Industrial Appl icabii i tv 



The present invention is a therapeutic composition 
capable of inducing cardiogenesis in non-cardiac tissue. 
The composition is a purified mixture of transforming 
growth factor /?-protein and fibroblast growth factor. 



WO 98/06420 PCT/US97/14229 

-18- 

SEQUENCE LISTING 



(1) GENERAL INFORMATION: 



(i) APPLICANT: 

(A) NAME: MCW Research Foundation, Inc. 

(B) STREET: 8701 Watertown Plank Road 

(C) CITY: Milwaukee 

(D) STATE: Wisconsin 

(E) COUNTRY: United States of America 

(F) POSTAL CODE: 53226 

(G) TELEPHONE: (414) 456-4402 

(H) TELEFAX: (414) 266-8522 

(ll) TITLE OF INVENTION: CARD I OGENES I S COMPOSITION 



(in) NUMBER OF SEQUENCES: 2 



(iv) CORRESPONDENCE ADDRESS : 

(A) ADDRESSEE : Quarles & Brady 

(B) STREET: 411 East Wisconsin Avenue 

(C) CITY: Milwaukee 

(D) STATE: Wisconsin 

(E) COUNTRY: U.S.A. 

(F) ZIP: 53202-4497 



(v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM: PC -DOS /MS - DOS 

(D) SOFTWARE: Patent In Release #1.0, Version 



(vi) CURRENT APPLICATION DATA: 
(A) APPLICATION NUMBER: 
(3) FILING DATE: 
(C) CLASSIFICATION: 



(vm) ATTORNEY / AGENT INFORMATION: 

(A) NAME: Baker, Jean C. 

(B) REGISTRATION NUMBER: 3 5,43 3 

(C) REFERENCE /DOCKET NUMBER: 650053.91134 

(ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE: (414) 277-5709 

(B) TELEFAX: (414) 271-3552 



(2) INFORMATION FOR SEQ ID NO : 1 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 5 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 
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(n) MOLECULE TYPE: Oligonucleotide 

(ix) FEATURE: 

(A) NAME/ KEY : mi sc_di f i erence 

(B) LOCATION: replace ( 1 1 .. 12 , MM ) 

(D) OTHER INFORMATION: /note= "Position 11 is 
listed as N but was inosine." 

(ix) FEATURE: 

(A) NAME /KEY : misc_di f f erence 

(B) LOCATION: replace < 1 7 . . 1 8 , " " ) 

(D) OTHER INFORMATION: /note= "Position 17 is 
listed as N but was inosine." 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 1 : 

TGGAATTCGG NTGGVANGAY TGGAT 2 5 

(2) INFORMATION FOR SEQ ID NO : 2 : 

(l) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: Oligonucleotide 

(ix) FEATURE: 

(A) NAME /KEY : misc_diff erence 

(B) LOCATION: replace ( 11 12 , "") 

(D) OTHER INFORMATION: /note= "Position 11 is 
listed as N but was inosine." 

(ix) FEATURE: 

(A) NAME / KEY : misc_di ff erence 

(B) LOCATION: replace ( 2 0 . . 2 1 , "") 

(D) OTHER INFORMATION: /note= "Position 20 is 
listed as N but was inosine." 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 2 : 



GAGGATCCGG NACRCARCAN GCYTT 



25 
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CLAIMS 



We claim: 



1. A cardiogenic composition comprising a purified 
mixture of a transforming growth factor-/? protein and a 
fibroblast growth factor. 



2. The composition of claim 1 wherein the 
transforming growth factor-/? protein is selected from the 
group consisting of BMP-2, BMP-3, BMP-4, BMP- 5, BMP-6, 
BMP-7, BMP-8, BMP-9, BMP-10, BMP-11, BMP-12, BMP-13, and 
BMP-15 . 



3. The composition of claim 2 wherein the 
transforming growth factor-/? from the group consisting of 
members of the 7-cys structure family. 



4 . The composition of claim 3 wherein the 
transforming growth factor-/? protein is BMP-2. 

5. The composition of claim 1 wherein the 
fibroblast growth factor is selected from the group 
consisting of FGFs 1-15. 

6. The composition of claim 1 wherein the 
fibroblast growth factor is FGF-4 . 

7. The composition of claim 1 wherein the ratio of 
transforming growth factor-/? protein and fibroblast 
growth factor is a 1 : 1 molar ratio. 

8. The composition of claim 1 wherein the 
composition additionally comprises a matrix material. 



9. The composition of claim 1 wherein the matrix 
material is collagen. 
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10. A method for inducing cardiogenesis in cells of 
a non-cardiac lineage comprising the steps of 

a. exposing cells to a purified mixture of a 
transforming growth factor-/? protein and a fibroblast 

5 growth factor, and 

b. observing the development of rhythmic , 
synchronously contractile cells expressing sarcomeric ex- 
act in . 

11. The method of claim 10 wherein the mixture of 
transforming growth factor-/? protein and fibroblast 
growth factor is achieved by exogenously applying a 
mixture of the proteins to the cells. 

12. The method of claim 10 wherein the exposure is 
achieved by transforming the cells with a genetic 
construct encoding transforming growth factor- 0 protein 
and fibroblast growth factor. 

13 . The method of claim 10 wherein the exposure is 
in vivo. 

14. The method of claim 10 wherein the exposure is 
in vi tro . 
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